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This research aims at using ions to add new functionality to semiconductor
devices. Electrically-insulating, ion-conducting polymers, such as poly(ethylene oxide)
(PEO), with ion salts like cesium perchlorate (CsClOs), are known as Solid Polymer
Electrolytes (SPEs). These can be coated on a semiconductor and internal or applied
electric fields can move the ions to the semiconductor interface, where they attract charge
carriers of opposite polarity to form an electric double layer (EDL). This can be used to
reversibly configure the semiconductor surface charge carrier profiles, e.g. to form p-n
and tunneling junctions and to convert metal-oxide-semiconductor field-effect transistors
(MOSFETs) from n-FETs to p-FETs to tunnel FETs (TFETs). SPEs can also dope 2D
crystals and carbon nanotubes (CNTs), which are difficult to dope substitutionally. SPE
capacitors with an added charge retention layer could lead to new forms of digital and
analog memory at the scaling limits of the polymer. Additionally, capacitor or transistor

structures may be used as weight storage devices to accelerate the training of deep
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learning systems, as well as in other neuromorphic devices based on coupling ions and
electrons. However, EDL devices have various fundamental and technological
limitations. It is important to understand the EDL formation and dissipation speeds,
polymer thickness limitations, and forms of ion encapsulation to enable further
lithography.

This research is intended to deepen the understanding of the static and dynamic
response of ultrathin PEO in metal insulator semiconductor (MIS) and metal insulator
metal (MIM) structures with and without CsClO4. While SPEs are typically studied in
micron-thick films, this dissertation explores decananometer thicknesses for their
potential to increase the ion response time, since certain bulk properties, e.g. PEO’s ionic
conductivity, are known to change in polymers confined in one dimension.

Record-thin films of PEO:CsClOs4 are demonstrated on commercial Si-on-
insulator wafers and carbon nanotubes (CNTs) on quartz. Spin-coated PEO:CsClO4 as
thin as 7.8 nm, a physical thickness relevant to nanoscale device applications, is
characterized in cross—sectional images by transmission electron microscopy (TEM) and
electron energy loss spectroscopy (EELS), to reveal the coating of structures with
nanometer features. Through EELS analysis, the polymer’s amorphous carbon character
is distinguished from the sp?>~hybridized carbon of the CNT. With SiO: evaporated over
the PEO, Cs is observed to be contained within PEO, indicating encapsulation by the
Si0,, which can serve as a capping layer for further lithography. EELS mapping reveals

the unbiased accumulation of Cs at the PEO/SiO; interface due to the built-in electric
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field. In the coating of 2-nm-diameter CNTs, EELS mapping shows that PEO:CsClO4
closely surrounds the CNT wall, with no indication of interlayers, as desired for electric
double layer formation used in transistors and memory.

These nanometric SPE films are modeled in COMSOL Multiphysics, using the
Poisson and Nernst-Planck equations modified to account for a finite ion size. The films’
static and dynamic behavior in response to a constant bias, a voltage step, and a bipolar
triangular pulse train is simulated and compared to measurements in ultrathin
PEO:CsClO4 MIM capacitors.

The impedance—frequency and capacitance—voltage characteristics of PEO MIS
capacitors at thicknesses relevant to transistor technology are measured with and without
CsClO4. Basic understanding of the impedance frequency and voltage characteristics of
this MIS system is established in spin-coated films in the thickness range from 6 nm to 19
nm, as determined from capacitance and TEM measurements. Estimates of the dielectric
constant, energy band diagram, charge trap density, and conductivity in ultrathin PEO are
obtained. Simple equivalent circuits based on resistive and capacitive elements that
reflect the physical system are used to model the measured impedance frequency trends
and compare films with and without CsClOj4 in the polymer matrix. This study reveals the
physical characterization and the simulated and measured electrical properties of PEO
near the limits of thickness scaling, toward memory and neuromorphic device

applications.
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FIGURES

Fig. 1.1: Schematic diagram of a metal / polymer electrolyte / semiconductor gate stack
with source (S) and drain (D) contacts and the concentration of anions, C-, and
cations, C+, across the polymer thickness. (a) In the absence of a built-in electric
field in the system, the ions are randomly distributed with a homogeneous
concentration across the polymer, Crux. (b) A positive gate voltage attracts anions
and repels cations toward the semiconductor, where they attract electrons to the
semiconductor surface. Note that under bias the voltage drops predominantly
ACTOSS the EDLS. ..c..oiiiiiiiiiiiiicicee e 3

Fig. 1.2: Classification of electrolytes based on their physical state, mobile-ion polarity,
ANA COMPOSTEION. ..evtieeiiieiieetiesiie et ette et e ete et e stteebeesibeebeessaeebeessseenseessseeseensseenne 5

Fig. 1.3: Measurements of the transfer characteristics of 32 CNTFETs showing
semiconducting and metallic CNT channels. Measurements and schematic
diagram by Huamin Li, Notre Dame. ...........cccceeviiiiiiiniieiienieeieeieeeeee e 8

Fig. 1.4: Measurements of back-gated CNT FET after depositing PEO:CsClOs (~ 1 um
thick), after side-gating and freezing the ions into position by cooling below the
glass transition temperature. The channel conduction type is initialized by setting
Vs =Vp=Vpe= 0, and a side-gate voltage Vsg on two co—planar side gates as
indicated The transfer characteristics, /p—V3s, were measured after cooling to 220
K. Measurements and schematic diagrams by Huamin Li, Notre Dame................. 9

Fig. 1.5: Experiments to form a p—i—n junctions on a CNT FET using PEO:CsClOs. The
junction is formed by EDLs of opposite polarity induced at the S/D FET contacts.
Current-voltage (/—V) characteristics were made after freezing the ions in place at
200 K. Measurements and schematics by Huamin Li, Notre Dame....................... 10

Fig. 1.6: Patterned SPEs: (a) schematic and (b) atomic force microscopy (AFM) graph of
PEO:LiClO4 that was patterned by electron-beam lithography over a nanowire
transistor with source, drain, and side gates (G1, G2). Figures from Carrad [48].18

Fig. 2.1 Schematic diagram of the model of a biased capacitor with a 10-nm thick PEO
film with dissolved mobile cations (pink) and anions (blue). The zoom-in into the
electric double layer at one electrode shows the Stern and diffuse layers in dark
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and light blue, respectively, and metal electrons in white. The Stern layer has the
thickness of the effective ionic radius, fsierm = a/2 =02 M. ...cccvvrieeeirrieeeeereeenn, 24

Fig. 2.2 Simulated ionic concentration profile in the steady state for an applied bias of
1V. The left and right y-axes indicate the volumetric and molar concentration,
respectively, of cations (dotted red line), anions (dotted blue line), as well as the
initial (solid gray line) and the net (solid green line) ion concentration. The
location of the Stern layers and the electrodes are indicated by blue and yellow
boxes, respectively. The inset is a zoom-in into the boxed region. ............cc.c...... 27

Fig. 2.3 Steady-state (a) electric field and (b) cation concentration profile across the film
as a function of biases ranging from 0 to 1 V. The Stern layers and electrode
contacts are indicated in light blue and yellow, respectively. The left and right y-
axes in (a) indicate the electric field in V/nm and MV/cm, respectively. The inset
in (a) is the EDL capacitance density vs. applied bias. The left and right y-axes in
(b) show the volumetric and molar ionic concentration, respectively. The insets in
(b) are zoom-ins into the ionic concentration at the electrode vicinities. .............. 29

Fig. 2.4 Multiphysics simulation. (a) Ion concentration and (b) electric field vs. position
along the depth of the PEO film at various times after applying a 1 V bias. The
left and right y-axes in (a) indicate the volumetric and molar ion concentration,
respectively. The insets in (a) are zoom-ins into each electrode vicinity. The
cation density in shown in solid lines, while the net ion density is indicated by
circles in the left inset. The left and right y-axes in (b) each show the electric field
in V/nm and MV/cm. The blue and yellow boxes indicate the location of the Stern
layers and metal contacts, reSpectively. .......cooceeriiriiieiiiiiiiiieeeeee e 32

Fig. 2.5 Time evolution of the ionic concentration and EDL charge and capacitance
density in response to an applied bias of Vv = 1 V. (a) Concentration of cations,
n+, and anions, n_, at the left and right edges of the PEO (x = 0.2 and 9.8 nm,
respectively). The time dependence of the accumulated (dashed) and depleted
(dotted) peak concentrations are shown. The black dotted line indicates the initial
equal ion concentration of cations and anions. The inset is a semilogarithmic plot
from 0 to 1 ms. (b) Charge (dotted lines; left y-axis) and capacitance (markers;
right y-axis) density of the EDL at the positive (red) and negative (blue)
CLECIIOMES. ..ttt ettt sttt et 34

Fig. 2.6 Simulated time evolution of the EDL capacitance density and electric field at
various depths of the PEO film after a bias of /iy = 1 V is applied across the
PEO:CsClOq film. (a) Charging of the EDL capacitance at the positive (red) and
negative (blue) electrodes over time. The right y-axis shows the percentage of the
steady-state Cepr. The 10%—-90% charge time is marked in green dotted lines. The
inset in (a) shows the net ion concentration profile near the positive electrode at 1
ms. (b) Electric field vs. time at the locations marked by arrows in the right inset:
mid-bulk (black), x = 0.2 nm (red), and x = 9.8 nm (blue).The left inset in (b)
ShOWS @ 10Z-10Z PIOt OF E. ..eeeiiiiee ettt 36
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Fig. 2.7: Current density flowing through the circuit in the inset vs. time after applying a

bias of Vv =1 V, shown in an (a) linear and (b) logarithmic scale. The simulated
current and the displacement current at the Stern layer are indicated with solid and
dotted liNes, TESPECTIVELY....ccviiiiiiiiieiieeie ettt 37

Fig. 2.8 Simulated time progression of the EDL charging and the electric field at various
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Fig
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Fig

Fig

depths of the PEO film after a 1 V bias is applied, for four PEO film thicknesses.
(a) EDL capacitance density (left y-axis) and percent of the steady-state Crpr
(right y-axis) achieved at a given time. The inset shows the net ionic
concentration vs. position near one electrode at 100 us (colored lines) and 1 ms
(gray dashed line). (b) Time evolution of the electric field in mid-PEO (solid
lines) and at the edge of the Stern layer with the rest of the PEO film (dashed
lines), as indicated by the schematic diagram. The inset in (b) shows the 10% to
90% charge time vs. PEO thiCKNess. .........cccooovieriiiniiiiniiiiiciecieeeece e 39

. 2.9 Simulated current density vs. time after applying a 1-V bias to various

thicknesses of PEO:CsClO4 film, shown in (a) linear and (b) logarithmic scales. 40

. 3.1 Schematic summarizing the characterized device structures and measured TEM

and EELS cross-sections discussed in this chapter...........cccoccevevieiiieiiiienienieenes 44

. 3.2 Plan-view images of CNTs on quartz: (a) scanning electron microscope and (b)

AFM images. The CNTs were grown between Fe catalyst lines (white arrows)
and have a density of ~2 CNTS/HM. ...occviiiiiiiiieiieeieeeeeee e 45

. 3.3 High-resolution TEM images of PEO:CsClO4 on SOI: (a) uncapped PEO and (b)

Si0O2-capped PEO. Ir is deposited to protect the wafers during focused ion beam
10011117273 RPSRRPS 48

. 3.4 High-resolution TEM images of PEO:CsClO4 on CNTs-on-quartz. (a) CNTs

coated with PEO. (b) CNT and iron oxide NPs coated with PEO and capped with
Si0;. (c—d) Increasing zoom—in into the CNT.........ccccoeviiiiiiiniiniieiecceeee 49

. 3.5 (a) ADF STEM survey image of the scan region. An arrow marks the location of

a CNT detected using EELS chemical mapping. (b) EELS spectra of two carbon
allotropes: amorphous carbon from the PEO layer (blue) and sp’*-hybridized
carbon from a CNT (red), with a pronounced n* peak. The curves were
normalized to the same o* maximum and vertically displaced for visibility. (c)
EELS colorized elemental and chemical map distinguishing Si, Fe, amorphous C
(PEO), and sp?-hybridized C (CNT).......cccceeiririerereiiiieieieieieeseese e, 51

. 3.6 (a) EELS spectra of Cs extracted from the PEO region (red) vs. a Cs standard

(blue). (b) EELS colorized elemental map distinguishing Si, Cs, and Fe. An arrow
marks the CNT location where Cs is apparently observed inside and outside of the
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Fig. 4.1 (a) TEM image of a Pd/Ti/PEO/n-Si capacitor using PEO spun at 8 krpm,
resulting in an ~7.4 nm film. (b) Frequency dependence of the impedance
magnitude and (c) phase of 63 um diameter MIS capacitors of different PEO
thicknesses, biased in accumulation at V¢ = 2 V. The dotted black line shows the
excellent agreement of the measurements (markers) to an ideal capacitor’s |Z] with
thickness tpzo of 8 nm. Colored solid lines represent model fits to the
measurements using a parallel-RC equivalent circuit. The inset shows PEO
thickness vs. spin speed extracted from the accumulation capacitances with epzo =
L ettt 60

Fig. 4.2 Frequency dependence of the parallel (a) capacitance and (b) conductivity of 63
um MIS capacitors with different PEO thicknesses biased in accumulation at Vg =
2 V. Dotted lines mark a region of dc conductivity. Solid lines represent model
fits to the measurements (markers) from 5k — 2 MHz, using the equivalent circuit
1N the NSt OF (D). c.vveieiiiece e e 62

Fig. 4.3 (a) Energy band diagram of a Pd/PEO/n—Si capacitor biased at flatband and
simulated using the heterojunction Poisson-solver BandProf [73]. (b) Capacitance
density vs. voltage in Pd/Ti/PEO/n—Si MIS capacitors vs. thickness. Markers
indicate measurements made at 1 MHz while biasing from depletion at -1 V
towards accumulation at 2 V. The solid lines are the simulations.
(c) Accumulation capacitance density (at 2 V) vs. inverse PEO thickness,
extracted from TEM and C—J measurements at 1 kHz (open circles) and 2 k, 10 k,
100 k, and 1 MHz (filled colored circles). Dashed lines show the linear fit, C =
(e0ePE0)/tPEO, Used to extract epeo. (d) Dielectric constant of PEO vs. frequency. 64

Fig. 4.4 Measured double-sweep slew-rate dependence of a Pd/Ti/PEO/n—-Si MIS
capacitor spun at 4 krpm (zpeo ~11.4 nm) with a diameter of 63 um. (a) Parallel
capacitance, Cp, and density of trapped charge, Nr, vs. voltage, and (b) parallel
conductance, Gp, vs. voltage. Forward and backward sweeps are indicated in
dashed and solid lines, reSpectively. .........cccueviieiiieniiiiiieeiececeee e 66

Fig. 4.5 Impedance-frequency dependence comparing Pd/Ti/PEO:CsClO4/p—Si and
Pd/Ti/PEO/p—Si MIS capacitors. (a) Impedance magnitude, |Z|, and (b) phase, &,
vs. frequency. The measurements of PEO and PEO:CsClO4 capacitors are
indicated with open and filled markers, respectively. The capacitors were biased
in the range —0.6 to —1 V corresponding to accumulation biases. Solid and dashed
lines represent RC model fits to the PEO and PEO:CsClO4 capacitor data,
respectively, using the equivalent circuits shown in the insets of (a) and
parameters given in (c-f), with the geometrical capacitances computed from the
physical geometry with €pzo = 1.5. The boxed inset in (a) shows the electrical
thickness vs. spin speed of PEO without (blue ¢) and with (red ) CsClOa. (c)
Bulk resistance Rp; inset shows the Ry parameter of the frequency-dependent
resistance. (d) Geometric capacitance Cs and bulk capacitance Cp for PEO (white
bars) and PEO:CsClO4 (colored bars). (e) Resistance R and (f) capacitance Cr =
CepriCepr2/(Cepri+Cepr2) at the electrodes. Circles in (c) mark the expected Rg
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extrapolated from thick PEO:CsClO4 (fpeo ~1 pm) discussed in [76]. Circles in
(d) indicate the Cp expected from the same bulk thickness used in the
extrapolation of Rp. The left and right axes have the same resistance and
CAPACIEANCE SCALCS. ...eiuiieniieiiiieiie ettt ettt ettt et te et essaeeteesaaeenbeesaneenseens 68

4.6 Measured frequency dependence comparing Pd/Ti/PEO:CsClO4/p—Si and
Pd/Ti/PEO/p—Si MIS capacitors: (a) parallel capacitance, Cp, and (b) dielectric
constant, &, of 63 pm MIS capacitors of various PEO thicknesses biased between
—0.6 and —1 V. &, was extracted from a linear fit between the parallel capacitance
density and inverse thickness. For reference, in (a) solid and dashed lines indicate
the one- and two-RC loop models, for PEO and PEO:CsClO4, respectively as
shown in the insets, with parameters plotted in Fig. 4.5.......cccccciviiiiiinniiniieens 72

4.7 Measured frequency dependence comparing Pd/Ti/PEO:CsClO4/p—Si and
Pd/Ti/PEO/p—Si MIS capacitors: conductivity, o, of 63 pum MIS capacitors of
various PEO thicknesses biased between —0.6 and —1 V. For reference, the one-
and two-RC loop model, shown in the insets with parameters plotted in Fig. 4.5,
are indicated in colored solid and dashed lines for PEO and PEO:CsClOa4,
respectively. Dashed and dotted black lines indicate a linear and square—root o—f
10S) 1510 3 OSSPSR P USOU PRSP 74

. 5.1 Current density J (left y-axis) and input voltage Vv (right y-axis) vs. time ¢ for 5

cycles of a triangular-waveform bias with various slew rates: (a) 4 MV/s, (b) 400
kV/s, (¢) 40 kV/s, and (d) 4 KV/S. ccouvieeeieeeeeeeeeeeee e 78

. 5.2 Current (a) and polarization charge density (b) vs. input voltage for a triangular

waveform reaching a maximum of 1 V at various slew rates. The polarization
loops cycle in the counterclockwise direction. The inset in (b) shows the
polarization (solid line) and input voltage (dashed line) during the last cycle of the
4 KV/S trIaNGUIAT WAVE. ...c.vvieiiiiiieiieciie ettt et ae et eesae b e ennas 80

. 5.3 MIM (Au/Pt/Ti/PEO/Ti/Pt/Au/p-Si) capacitor with ultrathin PEO:CsClOs. (a)

Stack schematic. (b) HRTEM image of the cross-section of a 20-um diameter
capacitor with PEO:CsClO4 spin-coated at 8 Krpm. ........ccceevveeviieiieiiieniiinieeiens 82

. 5.4 Comparison of the (a) current density and (b) polarization charge density of a

PEO:CsClO4 capacitor modeled in COMSOL Multiphysics (solid blue line) vs.
experimental (dotted green line) 20-um capacitors with PEO (dark green line) and
PEO:CsClOq4 (light green line) spin-coated at 1 krpm and biased with 0.7 V, 10
kV/s triangular pulses (dashed black 1ine). .........cccoovereiiiniieiiiniiieeceeee, 83

. 5.5 Dependence of the measured (a) current density and (b) polarization charge on

the input-voltage sweep rate in an experimental Au/Pt/Ti/PEO:CsClO4
/Ti/Pt/Au/p-Si capacitor with 1-krpm PEO:CsClOs. The inset in (a) is a zoom-in
ACTOSS The Y-AXIS. ..eeiuieiiiieiieiii ettt ettt ettt et s te et e et eeteesaaeenseesnneenseens 85
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. 5.6 Repeatability of the time evolution of the (a) current density (left y-axis; colored
solid lines) of a Au/Pt/Ti/PEO:CsClOs4 /Ti/Pt/Au/p-Si capacitor with 8-krpm
PEO:CsClOy, in response to 5 cycles of a £1 V, 750 V/s triangular pulse train
(right y-axis; dashed black line). The colors indicate three subsequent repetitions.
(b) Current density and (c) polarization charge density vs. input voltage for the
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. 5.7 (a) Current density and (b) polarization charge density vs. input voltage of an
Au/Pt/Ti/PEO:CsClO4 /Ti/Pt/Au/p-Si capacitor with 8-krpm PEO:CsClO4, shown
schematically in the inset of (a), in response to 5 cycles of a 1 V triangular pulse
train with slew rate between 800 and 100k V/s. ....c.ccoviviiniiniiiiniiniiiee, 87

. 5.8 Current-density and polarization-charge response of a simulated (zpro = 10 nm,
erro = 1.5, 25 us time step) and experimental (1 krpm) Au/Pt/Ti/ PEO:CsClO4
/Ti/Pt/Au/p-Si capacitor to a voltage pulse of varying amplitude (a-c) or slew rate
(c-e). The applied voltage step, current density, and polarization charge can be
seen in the top, middle, and bottom panels, respectively. The simulated and
measured current density and polarization charge are indicated in solid and dotted
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. 5.9 Frequency dependence of the impedance magnitude (top panels) and phase
(bottom panels) of MIM capacitors with 8 krpm PEO (a-b) and PEO:CsClO4 (c-d)
with top electrodes 36, 57, and 71 um in diameter biased at Vv = 0 V. Markers
indicate measurements while coloroed lines in (a) and (c) show the |Z] of an ideal
capacitor with gpro = 1.5, 4, 6, and 8 nm PEO thickness, and diameter of 36, 57,
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. 5.10 Frequency dependence of the impedance magnitude (top panels) and phase
(bottom panels) of 20-um MIM capacitors with PEO (a-b) and PEO:CsClO4 (c-d)
biased at Vv = 0 V. The polymer solutions were spin-coated at either 1 or 8 krpm,
as indicated by yellow, green, and blue markers, respectively. For a given spin
speed, different markers indicate distinct capacitors. For reference, dashed colored
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CHAPTER 1:

INTRODUCTION

The aim of the proposed research is to utilize ions to add new functionality to
semiconductor devices and electronics. Electrically-insulating, ion-conducting polymers
such as poly(ethylene oxide) (PEO) with ion salts like lithium perchlorate (LiClOs) or
cesium perchlorate (CsClO4) are systems which can be coated on semiconductors. The
salts dissociate into cations (positive ions, such as Li* or Cs") and anions (negative ions,
like ClO4") intercalated between polymer chains and these ions move in response to
internal and applied electric fields. Ions at a conductor or semiconductor surface create an
electric double layer (EDL) as they induce a counter charge at the interface. On a
semiconductor this can lead to accumulation or inversion layers and this has been used to
configure and reconfigure the surface charge carrier profiles, for instance to convert
metal-oxide-semiconductor field-effect transistors (MOSFETs) from n-FETs to p-FETs
to tunnel FETs (TFETs) [1]. In a metal-polymer-metal or metal-polymer-semiconductor
capacitor, the ions act to increase the capacitance of the structure and this could lead to
new forms of digital and analog memory at the scaling limits of the ion conductor.
Capacitor or transistor structures configured for nonvolatility could have application as
weight storage devices to accelerate the training of deep learning systems as is being
explored using ferroelectric oxides [2]. New device functions are also being investigated

for neuromorphic computing applications based on coupling ions and electrons [3].
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1.1 Prior art and applications of solid polymer electrolytes

In MOSFETs, a metallic gate is used to induce charge in a semiconducting
channel. By applying a positive gate voltage on a p-type semiconductor, the
semiconductor carrier type can be inverted as electrons are induced in the near surface
layer. The inversion layer charge density, ns, is related to the applied voltage and the
oxide capacitance. With conventional insulators (SiO., HfO,, Al;O3), sheet carrier
densities of approximately ns ~10'* cm™ can be induced. To induce more carriers and
produce a higher on—current at the same gate voltage, the gate capacitance needs to be
increased. Since the parallel plate capacitance is C= &&d/tox, where & is the
permittivity of vacuum, & is the dielectric constant of the insulator, A4 is the gate electrode
area, and fox is the insulator thickness, the capacitance is increased by thinning the
dielectric or using higher « dielectrics. This approach for increasing the MOSFET drive
current has reached scaling limits but continues to be explored in new channel materials
and dielectrics.

Consider the implications of using an ion-conducting solid polymer dielectric as
the gate dielectric in a MOSFET, Fig. 1.1. In the absence of internal and applied electric
fields, cations and anions are randomly distributed throughout the polymer, Fig. 1.1(a).
When a positive gate voltage is applied between the gate and the semiconductor, anions
(negatively charged ions) are attracted to the gate, while cations (positively charged ions)
are driven toward the semiconductor, where they repel positive charge carriers (holes)
and attract electrons, Fig. 1.1(b). Thus, two EDLs are formed: one at the metal/polymer
interface and another at the polymer/semiconductor interface. In highly concentrated

electrolytes, the separation between the accumulated ions in the polymer electrolyte and
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the induced charge carriers at the solid surfaces are related to their atomic separations,
which are at the scale of ~0.3 nm, leading to a capacitance density exceeding 10 pF/cm?.
Since the charge of each ion in the EDL is approximately matched by an induced charge
in the conductor, the double layer screens the bulk of the electrolyte from the electric
field, Fig. 1.1(b). This means that the voltage drops substantially across the two EDLs in
approximately equal proportions in a symmetric structure. Remarkably, EDL sheet
charge carrier densities have been reported in the range from 10'* — 10" cm™ [4] [5] [6]
[7] and capacitance density even exceeding 100 uF/cm? has been reported [7]. While
these high capacitance densities are intriguing, ions in transistor gates are generally
undesirable due to the slow ion response (discussed in section 1.2.1) and the concern that

ions can out-diffuse and accumulate in surrounding devices.
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Fig. 1.1: Schematic diagram of a metal / polymer electrolyte / semiconductor gate stack
with source (S) and drain (D) contacts and the concentration of anions, C-, and cations,
(4, across the polymer thickness. (a) In the absence of a built-in electric field in the
system, the ions are randomly distributed with a homogeneous concentration across the
polymer, Crur. (b) A positive gate voltage attracts anions and repels cations toward the
semiconductor, where they attract electrons to the semiconductor surface. Note that under
bias the voltage drops predominantly across the EDLs.



1.1.1 Polymer-based ion conductors

Polymer electrolytes are ion conductors that consist of a polymer matrix with
dissolved salts that dissociate into mobile cations and anions. This distinguishes them
from single-ion polymer electrolytes known as ionic polymers (which can be subdivided
into so-called ionomers and polyelectrolytes, with the latter having a higher ion
concentration that the former) in which only one ion polarity is free to move, while the
other is chemically bound to the polymer chain [8]. In contrast, when both cations and
anions are mobile, each of these can be used to induce carriers of the opposite charge
polarity in the channel. Polymer electrolytes can be deposited into transparent, flexible,
thin films that are solvent-free and easier to process [9] and integrate into a solid—state
stack than liquid electrolytes'.

In this dissertation, the focus is on solid polymer electrolytes (SPEs). These can
form dry films with higher mechanical strength than gel polymer electrolytes, in which a
liquid electrolyte impregnates the polymer matrix (leading to disadvantages such as the
release of volatiles and higher reactivity with the metal contacts [9] [10]). SPEs have
been amply used to make high energy density batteries, fuel cells, electrochromic
devices, and sensors [11]. Prominent examples of SPEs include the polymer hosts
poly(acrylic acid) (PAA), poly(ethylene imine) (PEI), and poly(ethylene oxide) (PEO,
also called poly(ethylene glycol) (PEG) when its molecular weight is < 20,000 kDa), as
well as the salts lithium perchlorate (LiClO4), cesium perchlorate (CsClO4) [12], and

KClOg4 [13]. It should be noted that certain properties of SPEs (e.g. ionic conductivity,

! Known as ionic liquids, they consist of a salt dissolved in an organic or aqueous solvent.
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thermal stability, mechanical strength, flexibility, etc.) can be improved by adding
plasticizers, inorganic fillers, or nanomaterials, in which case they are labeled as

composite polymer electrolytes [9] [10], Fig. 1.2.

Solid
Dual
lonic Gel
Liquid Z
1 -
s | Polymer + C__L Composite
mobile ions b
g Poly-
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Single
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Fig. 1.2: Classification of electrolytes based on their physical state, mobile-ion polarity,
and composition.
1.2 Selected applications of SPEs in metal-insulator-conductor devices

One of our original motivations for using SPEs was to reversibly induce strong
doping densities in beyond—silicon materials, particularly two-dimensional (2D) crystals
and carbon nanotubes (CNTs), which are difficult to dope substitutionally (replacing
atoms of the crystal lattice by elements that donate or accept charge carriers). Using
SPEs, sheet electron and hole densities above 10'* cm™ have been induced in 2D crystals,
surpassing the capability of substitutional doping in bulk semiconductors [1].
In transistor structures, a longitudinal electric field can be created by applying a bias

between source and drain metal contacts contacting a semiconductor channel coated by



an ion containing polymer. Side electrodes/gates can be used to generate electric fields to
position the ions along the channel. Once the ions are positioned the temperature can be
lowered to lock (freeze) the ions in place to implement the desired channel conductivity
and characterize the resulting transistor behavior. Semicrystalline polymers, such as PEO
and polyvinyl alcohol (PVA), have a polymer matrix with amorphous and crystalline
regions. In the former, the polymer chains are randomly oriented and constantly
wiggling, thereby allowing ions to pass through, while in the latter regions, the polymer
chains are aligned and folded into a tight structure that renders them immobile and blocks
ions. Ton locking is enabled by cooling the SPE below its glass transition temperature, 7,
at which point its amorphous chains stop wiggling, thereby arresting ion motion
throughout the polymer matrix [14, 15] and preserving the ion-induced carriers, as if the
semiconductor was doped. The resulting device can then be characterized without
hysteresis from ion motion. Warming above 7 restores the ion mobility. By applying
suitable electric fields to control the density and polarity of the ions, the same channel
can be reconfigured to form n-regions, p-regions, and p-n junctions.

PEO:CsClO4 has been used to form and study p-n junctions in 2H-MoTe; [14],
p-i-n junctions in WSe; [16], as well as n-type and p-type FETs in 2H-MoTe; [14], MoS»
[5, 17] and WSe, [18]. Doping profiles for tunneling devices have also been produced,
including tunnel diodes, such as WSe» Esaki tunnel junctions [19, 20], and TFETs. The
doping profile of the single MoS; nanoribbon transistor has been shown to be
reconfigurable to switch between n-FET, p-FET, and TFET [1].

Simulations of TFETs with various channel materials show that the best

performance (i.e. highest on—current at 0.5 V gate-to-source voltage) is provided by CNT



channels [21]. This was one of our original motivators, to use SPEs to form tunnel
junctions in CNTs to realize the CNT TFET. There are various reports in the literature of
CNT FETs that have been doped and gated using SPEs. For instance, SPEs based on
PVA were used to change the conduction type of an individual SWCNT channel from p—
to n—type [22]. Polymer electrolyte gating of a single-walled CNT (SWCNT) channel
using PEO:LiClO4 was reported by Lu ef al., achieving subthreshold swings between 70—
120 mV/decade [23], while Siddons et al. measured as low as 62 mV/decade [24]. Ozel
et al. reported conduction type changes and electrolyte gating of SWCNT-network
transistors also using PEO- and PEO-based electrolytes [25]. Our work using these ion-
containing polymer dielectrics has shown that steep subthreshold swings can result when
the delay due to the ionic response is commensurate with the sweep rate used in the
characterization [26] [27]. In light of these findings, it is hard to know whether the early
reports of low subthreshold swings are due to tunneling.

Work at Notre Dame by postdoctoral researcher Huamin Li used PEO:CsClO4 to
dope SWCNT FETs. This background is provided to set the context for the dissertation
research. The drain current vs. back-gate voltage (Ip—Vps) curves of 32 back-gated
devices before PEO:CsClO4 deposition are shown in Fig. 1.3. The CNT-on-quartz wafers
[28] were provided by Greg Pitner from Prof. Philip Wong’s group at Stanford
University. FETs were fabricated by transferring the CNTs onto an Al,O3/HfO: dielectric
formed by atomic layer deposition on a p-Si substrate. Transfer characteristics were then
measured by back-gating, using the substrate as the gate electrode. Both metallic and
semiconducting CNTs are present in the Stanford CNT growth process and this can be

seen in Fig. 1.4. The transfer characteristics of the semiconducting channels show p-FET



characteristics, which are typically observed in CNTs. Most of the semiconducting CNTs

show an Ip in the 1078 — 107 A range at Vp=-0.5 Vand Ve =-0.5 V.
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Fig. 1.3: Measurements of the transfer characteristics of 32 CNTFETs showing
semiconducting and metallic CNT channels. Measurements and schematic diagram by
Huamin Li, Notre Dame.

After PEO:LiClO4 deposition, Huamin Li used a doping procedure to position and
freeze ions in the PEO for measurements below the glass transition temperature. These
measurements are displayed in Fig. 1.5. Side—gates were biased at either -2 V or +2 V at
40 °C for 1 hour to form an EDL that induces holes (or electrons) in the CNT to produce
a p-type (n-type) CNT FET. While holding the side gate and terminal biases, the CNT
was cooled down below the polymer’s glass transition temperature. The resulting p—type
CNT FET showed similar currents after ion doping and the subthreshold swing (SS)
increased from ~70 to 100 mV/decade. The n-type CNT FET reached similar on-currents
to the p-FET but could not be turned off within the same range of back-gate voltages

under study. This dependence has been seen using other channel materials such as MoS»



[1] and could indicate that the Cs™ becomes intercalated between the CNT and the back-

gate oxide, where they screen the back-gate field.
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Fig. 1.4: Measurements of back-gated CNT FET after depositing PEO:CsClOs (~ 1 um
thick), after side-gating and freezing the ions into position by cooling below the glass
transition temperature. The channel conduction type is initialized by setting Vs=Vp=Vas=
0, and a side-gate voltage Vsg on two co—planar side gates as indicated The transfer
characteristics, Ip—Vas, were measured after cooling to 220 K. Measurements and
schematic diagrams by Huamin Li, Notre Dame.

The same PEO:CsClO4 was used to form a p—i—n junction on a CNT FET, Fig.
1.5. The source and drain contacts were biased at V's=— Vp =1V for 1 hour, followed by
cooling to 220 K. At this temperature, the transport characteristics show a current
rectifying ratio of ~10°. The transfer characteristics of the back-gated device show a

subthreshold swing of 50 mV/decade at 220 K (extrapolated to 68 mV/decade at 300 K).
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Fig. 1.5: Experiments to form a p—i—n junctions on a CNT FET using PEO:CsClOs. The
junction is formed by EDLs of opposite polarity induced at the S/D FET contacts.
Current-voltage (/—V) characteristics were made after freezing the ions in place at 200 K.
Measurements and schematics by Huamin Li, Notre Dame.
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While the use of ions to modulate the conductivity (doping) of CNT channels is
demonstrated, the performance of n, p and TFETs has not yielded sufficient degeneracy
and doping abruptness to yield interband tunnel junctions. This calls for experimental
work to characterize the energy band relationships of PEO:CsClO4 in metal insulator
semiconductor (MIS) and metal insulator metal (MIM) structures at PEO thicknesses
relevant for devices.

An ideal or “universal” memory is of wide technical interest, combining high
speed (100 ps), endurance (10'¢ cycles) and low energy (0.5 fJ/bit), as in static random
access memory (SRAM) with high density (1 Tbit/cm?) and nonvolatility as achieved in
flash memory [29]. Unfortunately, ions of the type considered have no apparent
application in universal memory. However, there may be ways to use SPEs for analog
and neuromorphic device applications; for example, Ba(CF3SOs),-doped PEO capacitors
have been used to simulate synaptic plasticity [30].

Seabaugh and Fullerton patented a memory structure that introduces nonvolatility
into a solid-polymer-based memory [31]. In this structure, an ion conducting dielectric
(e.g. an SPE or a solid monolayer electrolyte made of crown ethers (CE) complexed with
Li* ions) is sandwiched between a conductor and a semiconductor to modulate the
conductance of a FET channel. The physical operation of this configuration was explored
from first-principles calculations in [32]. The channel conductance is used to read the
state of the memory.

Another type of emerging memory combines CMOS and memristors (memory
resistors) in a passive crossbar architecture [29]. Memristors are 2-terminal devices

whose resistance changes in response to voltage pulsing, which can be varied in
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amplitude, polarity, and duration. The programmable current-voltage relation cannot be
replicated by combinations of resistors, capacitors, and inductors [29]. Memristors have
been implemented with SPEs, for instance using PEG and its inherent mobile cation,
hydrogen ions, in a crossbar architecture as part of the gate stack of a CNT-network FET
[33]. In this case they function as an artificial synapse. A positive gate bias drives
hydrogen cations toward the CNT-network interface, where they attract electrons in the
CNTs. An electrochemical reaction between the hydrogen ions and the CNTs modifies
the CNT bandgap between 0 and 3.2 eV, which changes the channel current in a way that
simulates the current through a post-synaptic neuron. An SPE such as PEO:CsClO4 could
be utilized in a similar way, although its dynamics would be affected by also having Cs*
cations, which could induce even more electrons in the channel than H" alone, though
without the electrochemical reaction, as well as also having counter ions (ClO47), which
would add the functionality of attracting holes in the CNTs when using a negative gate

bias.

1.2.1 Ion response time

A crucial speed limitation of EDL devices stems from the fact that their
performance is governed by ion mobility. The mobility of ions in PEO is low?, ~3x10~
cm?/Vs. This means that the transit time for an ion to traverse 1 nm of PEO at an electric
field of 1 V/nm (10 MV/cm) is 33 ns. This is faster than flash memory, which has a write

speed of 10 us — 1 ms, and slower than dynamic RAM, with read and write speeds of

2 From the measured conductivity of PEO:LiClOs, 1075 S/cm [34] for a salt concentration of
2x10%%/cm’.
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~10 ns [35] [36]. Lower the electric field by a factor of a 1000 and increase the PEO
thickness by a factor of 1000 and you get the response speeds often observed in
measurements: ~1-100 s for the EDL to fully form (with a charge density of ~10!* cm™2)
in ~1 pm thick PEO:LiClO4 on a graphene FET using an electric field of ~2 mV/nm [37].

A report by K. Xu and coworkers [38] showed experimentally that a 7 ms pulse
with an electric field of 6.7 mV/nm can produce an EDL with an estimated charge density
in the order of 10 cm™, in 15 um thick PEO:CsClO4 on a graphene FET. Still,
millisecond speeds are generally too slow for electronic applications. According to
molecular dynamics simulations of graphene/PEO/graphene capacitors with 15-nm-thick
PEO:LiClO4, the EDL formation could be achieved in nanoseconds using electric fields
of 50 mV/nm in a scaled device [38] placing this in a range of interest for electronics.
However, this remains to be demonstrated experimentally. There is some question about
whether the diffusivities used in this work were too optimistic (~10~® ¢cm?/s) compared to
other published work for LiClO4 (10712 cm?/s [39]) and CsClO4 (107! cm?/s, consistent

with measurements in this thesis).

1.3 Increasing the EDL charging speed
1.3.1 SPE thinning can increase ion mobility

Thinning a semicrystalline SPE film can in principle alter its ionic conductivity by
changing the ion mobility. The physical behavior of polymers confined in one or more
dimensions can cause the polymer properties to diverge from the bulk properties. This
may include a change in conductivity, glass transition temperature, kinetics and degree of
crystallization, morphology, moisture absorption, dewetting, and/or permeability [40]. It
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has been reported that thinning down a PEO film below ~200 nm reduces its degree of
crystallinity [41]. This means a greater percentage of the film is composed of amorphous
regions, which are the ones through which ions can move, leading to enhanced ion

mobility and faster ion response than in bulk PEO.

1.3.2 Electrical factors

In addition to the ion mobility, the initial charging speed of the EDL also depends
on the applied electric field. Thinning the SPE allows the use of lower voltages to
produce the same electric field, or higher fields at the same voltage to make ions drift
faster. However, the electric field should not be large enough to produce a displacement
current that heats the electrodes or interconnects. In addition, the field should be low
enough to avoid driving any electrochemistry that modifies the electrodes and/or the
electrolyte (under ~ 1 V/nm). Nonreversible electrochemistry could cause fatigue and
degrade repeatability of the electrical response.

If there is a work function difference between the capacitor’s electrodes, the built-
in electric field will cause EDLs to form even in the absence of an applied bias. Thus, it is
likely that in any device structure there will be surface electric fields and contact-induced
potential differences which will result in ion accumulation and depletion. This can be
expected to induce asymmetry in the pulse response.

Once the EDLs form, the speed of their response can be described with an RC
circuit. Measurements and modeling of transistors and capacitors utilizing PEO and
PEO:CsClO4 are described in [26]. That work establishes a simple RC model, in

agreement with measurements, which gives insights on the thickness targets for future
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development of PEO devices. It shows that the dynamics of metal PEO metal capacitors
can be represented by a series RC circuit where the R is the bulk resistance, controlled by
ion conductivity, and a capacitance C representing the lumped capacitances of the two
EDLs.

As the dielectric is thinned, it is possible to geometrically reduce the R to zero. At
this dimension, the PEO capacitor consists of two coupled EDL capacitors each with their
own controlling shunt resistances. It was a hypothesis of this investigation that at some
scale the ion transport may exhibit an enhanced nonvolatility, as predicted for single
monolayer of crown ethers (CE) complexed with Li* ions. In crown-ether structures, first
principles calculations [32] indicated that Li" ions tend to be located either above or
below the CE plane, resulting in two configurations of the CE-Li* complex. Transport
through the CE’s cavity requires surmounting an energy barrier, producing a double-well
energy landscape. The barrier is lowered by applying an electric field perpendicular to the
CE, thereby permitting ion transport. The increased electrostatic force of the ion-carrier
EDL lowers the energy of the pair and makes release a higher energy process than
formation thereby increasing the retention. The CE-Li" complex has been experimentally
studied on highly ordered pyrolytic graphite (HOPG) [42] and graphene [43], but not in
simple capacitor geometries which are needed to draw strong conclusions about the

controlling physics.

15



1.3.3 Physical factors controlling the SPE thickness

Nanometric film thicknesses are achievable in PEO by changing the SPE
deposition method. Rather than depositing a droplet of the polymeric solution on the
substrate and simply letting it dry, which is known as dropcasting (resulting in ~1 pm
thick films), the substrate is spun at thousands of revolutions per minute (rpm) to obtain
films hundreds or even tens of nanometers thick. A summary of reported ultrathin (< 100
nm) PEO films is shown in Table 1.1, along with the spinning parameters used. These
include the polymer’s molecular weight and concentration in the chosen solvent, the
substrate surface and any pretreatments applied to it, the spin protocol used, and the
subsequent temperature treatment or anneal. These reports suggest that with the right
spinning parameters, the PEO:CsClO4 films could be tens of nm thick or even less,
although it is expected that the addition of salts to the polymer solution will affect the

film thickness.
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COMPARISON OF THIN AND ULTRATHIN PEG AND PEO FILM FORMATION METHODS

TABLE 1.1

Mw [PEO] Substrate ( L

pre- . . Anneal T PEO
Solvent Spin speed, time o Ref.

(ﬁ, kDa) (% wt) treatment) puisp °C) (nm)

mol
"2 Toluene / Si (UV*ozone) / 300 50100 | [44]
<76 . 44 =
"4 ACE® 0.4 Si 4,000 rpm 30 49 7.5 [45]
6 ' (UV® 145 min) U TP STS = e
a Oxidized 47

100 CF 0.1-5.0 Si (Ar-plasma) 3,300 rpm, 60 s el 10-15 [41]
272 ACE? 0.65-3.00 | |1, n‘ﬂflAu Isi / 48 40-1,000 | [46]

« 1,000 rpm, 60 s 38
600 Water 0.1 Si « 3,000 rpm, 60 s / 2.1 [47]

* 5,000 rpm, 60 s «14

& Abbreviations: Acetonitrile (I), Chloroform (CF), deionized water (DI), Dichloromethane (DCM), Tetrahydrofuran (THF), ultraviolet (UV)




1.4 Patterning and ion containment

PEO can be used as a negative photoresist and patterned using electron beam
lithography (EBL) (both without ions [33] and with LiClO4 ions [48], Fig. 1.6) and can
also be compatible with optical lithography [49]. While EBL patterning of PEO:LiClO4
did result in electron—induced polymer cross—linking, which reduces the ion mobility and
can neutralize ions, the lower ion mobility still produced functional nanowire transistors

[48].

Height (nm)
500

I 250
0

®”

(a) (b)
Fig. 1.6: Patterned SPEs: (a) schematic and (b) atomic force microscopy (AFM) graph of
PEO:LiClO4 that was patterned by electron-beam lithography over a nanowire transistor
with source, drain, and side gates (G1, G2). Figures from Carrad [48].

The patterned SPE can be encapsulated to permit performing subsequent
lithography steps on the wafer, as well as to enhance the EDL device’s repeatability and
reduce device-to-device variability due to differences in ion loss. The present work
explores using a nanometer scale oxide layer for ion encapsulation based on SiOg,

although other materials (e.g. AlbO3) may be selected in future work for optimized

containment and device performance.
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This work addresses the important topic of adding functionality to nanoelectronic
devices by using an organic, nanoscale polymer film with mobile ions over
nanostructures such as individual, semiconducting CNTs. The exploration of interfaces of
polymer/solid state systems at the decananometer scale is basic to their use in electronics
and paves the way for practical incorporation of ion-electron functionality into devices.
The intent of this investigation has been to develop a quantitative and experimentally
validated understanding of ionic transport to gauge the utility of ions in deep learning

training, neuromorphic devices, and reconfigurable switching.

1.5 Outline

This thesis details simulations, as well as physical and electrical characterization
and analysis of PEO and PEO:CsClO4 thin films in capacitor structures. Chapter 2
presents Multiphysics simulations of the ion dynamics in capacitors with nanometric
PEO:CsClO, films after applying a constant voltage bias. The electric field across the
PEO film and the resulting ionic distribution are observed after constant-voltage turn-on,
as well as the net ionic charge and capacitance at the electrode interfaces during EDL
charging, which is seen to occur within the microsecond timescale. The simulated current
density through the capacitor is shown to have the initial peak and subsequent decay
observed in experiments. The effects of thinning the PEO film is shown in the time
evolution of the current and EDL capacitance.

In Chapter 3, record-thin films of PEO:CsClO4 are demonstrated on Si and CNTs-
on-quartz. We show that PEO:CsClO, can be spin coated at thicknesses compatible with

VLSI (very large scale integration) electronics, as thin as 8 nm. Transmission electron
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microscopy (TEM) and electron energy loss spectroscopy (EELS) images show that the
film surrounds nanostructures such as CNTs without interlayers, as desired for EDL
formation, which is a functionality that can be exploited for memory and neuromorphic
devices. Cesium is imaged for the first time in the PEO film, where it is confined by an
Si0O2 encapsulating layer deposited by e-beam evaporation, thereby enabling subsequent
lithography steps. This suggests it is possible to develop an appropriate PEO:CsCIlO,
deposition process to achieve stronger ion doping of CNTs.

Chapter 4 presents the electrical characterization of pure-PEO thin films of
various thicknesses in metal polymer semiconductor capacitors. These are characterized
in terms of resulting thickness and electrical behavior, including impedance vs. frequency
and capacitance, conductance vs. voltage measurements.

In Chapter 5, the COMSOL Multiphysics model is used to study the ion dynamics
in response to various applied voltage steps and triangular waveforms. This is compared
to the current density and polarization charge density measured in fabricated metal
polymer metal capacitors. The later are shown to have an impedance vs. frequency
behavior similar to that of metal polymer semiconductor capacitors in Chapter 4. The

work is summarized and wrapped up in Chapter 6.
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CHAPTER 2:
STATIC AND DYNAMIC SIMULATIONS OF ION TRANSPORT IN CAPACITORS

WITH AN ULTRATHIN POLYMER DIELECTRIC

2.1 Overview

This chapter presents static and dynamic simulations of a 1-D PEO:CsClO4
capacitor implemented in COMSOL Multiphysics [50]. In these simulations, the
electrodiffusion of ions in the PEO film is solved using the Poisson-Nernst-Planck
equations, modified to account for the finite ion size, using finite element analysis, to
simulate the transient and steady-state ionic response to an applied bias. These
simulations are used to observe the time evolution of the ionic transport in PEO over the
course of nanoseconds to a milliseconds. This is then used to guide interpretation of

measurements of fabricated PEO:CsClO4 capacitors presented in the following chapters.

2.2 Physical principles and model implementation

An ultrathin PEO:CsClO4 capacitor was simulated in COMSOL Multiphysics
using the coefficient form partial differential equation solver and the AC/DC module,
more specifically its electrostatics and electrical-circuit interfaces. The ionic transport in
the PEO film was modeled using the Nernst-Planck equations as modified by Kilic,
Bazant, and Ajdari [51] to account for the finite ion size, which limits the maximum

amount of ions that can be accumulated at the interface:

Jdcx _ DVZc, + VLZ"'V - (c4VV) + DV - (M), (2.1)
- th -

at CMAX—C+—C—
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where ¢ is the molar ion concentration, the + and — subscripts indicate cations and anions,
respectively, D is the ionic diffusion coefficient, V is the gradient, V= d/dx, x is the
position along the film thickness, Vi = kgT/q is the thermal voltage, ks is Boltzmann’s
constant, 7 is temperature in K, ¢ is the fundamental electron charge, z is the ion valence
(+1 for Cs*, —1 for ClO4"), V is the electric potential, cyax is the maximum molar ion
concentration equal to 1/N4a® [51], N4 is Avogadro’s number, and a is the effective ion
size, including any solvation shell around the ion. The behavior captured by these
theoretical equations will be compared with experimental results in later chapters, in
order to see if they reflect the main features of the measurements of fabricated PEO and
PEO:CsClO4 capacitors.

The third term in Eq. (2.1) captures the effects of the finite ion size on the EDL
charging dynamics. These so-called steric effects become pronounced in surfaces with
high charge density, such as at an electrode with a large applied bias, i.e V' >> V. In
such densely packed surfaces, the finite ion size must be taken into account, as it limits
the ion concentration to a maximum of cyux. The effective cation diameter, a = 0.4 nm,
used here, sits between the value for completely-hydrated Cs*, 438 pm [52] and the
diameter of non-hydrated Cs*, 362 pm [53]. The Cs* cation could be partially hydrated by
water absorbed into the PEO. The diffusion coefficient of Cs* was taken to be
10" ¢cm?/s, higher than that of Li*, 1072 cm?/s [39], since larger cations like Cs* have

higher ionic conductivity® [54] and thus, higher diffusivity than Li*. Simulations were run

3 Larger cations have lower charge density, which weakens the interactions with the sections of the
polymer with negative charge. This results in a looser polymer matrix that is more flexible and has more
empty spaces through which cations can travel [54].
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for ionic diffusivities from 10713 cm?/s to 1071° cm?/s and the diffusion coefficient chosen
for subsequent simulations was 107!! cm?/s, as that simulation best matched the measured
current response to a triangular voltage pulse, as described in Chapter 5. To observe first-
order effects, a and D were assumed to be the same for cations and anions.

Given the symmetries in the capacitor system, the COMSOL model had a 1-D
geometry across the PEO:CsClO4 film, as shown in Fig. 2.1, with thickness of 10 nm and
a maximum mesh element size of 0.01 nm. Given this 1-D geometry, the simulation does
not model fringing fields. However, COMSOL’s electrostatics interface does consider a
certain capacitor cross-sectional area 4. This was taken to be the area a 20-um disc,
which is one of the sizes of the fabricated capacitors studied in later chapters. The
resulting simulated current was divided by this area to obtain the current density, J.

The PEO film is modeled using a bulk static permittivity of PEO, &yepgo, Where
epgo = 1.5, in accordance with findings shown in later chapters. Since real ions are not
point charges but have finite size, there is a limit to how close they can come to the
PEO/electrode interface. To capture this, so-called Stern layers were defined at the
interfaces, as shown in Fig. 2.1, with the thickness of the ionic radius, a/2. To simulate
the case of blocking electrodes for both ions and electrons, charge transport was not
permitted through the Stern layers, which also had the permittivity of vacuum. The only
current transport mechanism across the EDL is by electric displacement current. As the
ionic charge density changes on one side of the interface, this causes image charge
density changes on the electrode, giving rise to current. Fig. 2.1 also shows that ions can

still accumulate deeper into the film beyond the Stern layer, in what’s known as the
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diffuse layer, with a decaying charge concentration until eventually, the charge-neutral

bulk of the electrolyte is reached.

With zero applied bias in this symmetric system with no built-in electric field, the
ions are evenly distributed across the film, having a molar concentration of ¢y = 361.8
moles/m? (np=2.2 x 10** ions/cm?®) for both cations and anions (with initial concentra-

tions, c+9 = c-9 = co, n+o = n— = np). This is the same value used in the fabricated

PEO:CsClO4 capacitors studied in later chapters.

’ -
Y VT P~ _ Stern layers

—_— 2 '\ o 7 i ' ) ' [ e
by W @ Q) k——PEO:CsCIO,——

T AR | ) d 0 2 4 6 8 10
'—I " P it :I‘ “| "\ " l'_’-q x(nm)
L@ @ e

- S 1N oy i /l Vin
Stern X
layer (nm)

Fig. 2.1 Schematic diagram of the model of a biased capacitor with a 10-nm thick PEO
film with dissolved mobile cations (pink) and anions (blue). The zoom-in into the electric
double layer at one electrode shows the Stern and diffuse layers in dark and light blue,
respectively, and metal electrons in white. The Stern layer has the thickness of the
effective ionic radius, tserm = a/2 = 0.2 nm.

24



The electric potential in the system is governed by Poisson’s equation with p

representing the volumetric charge density,
—V-(eVW)=p=q(cy —c.). (2.2)

The electrodes were assumed to be perfect conductors, so that the potential is applied
exactly from one electrode surface to the other. As shown in Fig. 2.1, the left electrode
was grounded, while a constant positive voltage, Vv, was applied to the right electrode.

The stationary study applied a constant voltage (Vv in the range from 0 to 1 V
with a voltage step of 0.2 V) to give the final ion concentrations, electric field magnitude,
and electrostatic potential distributions for a given bias. Transient studies applied a step
voltage from zero to Vv =1V at t = 0 and sampled time linearly in 300 ns intervals up to
1 ms, to observe the dynamic ionic response. Current was only obtained in transient
studies, since in the stationary system, there is not electric displacement current and J = 0.
The current density could be calculated directly as the displacement current across the
Stern layer, divided by the capacitor cross-section. The list of simulation parameters is

shown in Table 2.1.
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TABLE 2.1

COMSOL MULTIPHYSICS MODEL PARAMETERS

Parameter Symbol Value
Area of electrode A 3.14x107°° cm?
Avogadro’s number Ny 6.02x10% /mol
Boltzmann constant ks 8.62x107° eV/K
Dielectric constant of PEO EpEO 1.5
Diffusivity of cations, anions D+, D_ 107" cm?/s
Effective ion size a 0.4 nm
Elemental charge q 1.60 x10™ C
Initial molar concentration of cations, anions C+0, C—0 361.8 mol/m*
Initial volumetric concentration of cations, anions n+9, N 2.18x10% 1/cm?

Max. molar concentration of cations, anions

Max. volumetric concentration of cations, anions
Permittivity of vacuum, Stern layer
Temperature
Thermal voltage at 300 K
Thickness of PEO:CsClOs film
Thickness of Stern layer
Valence of cation, anion

Voltage bias

C+MAX, C-MAX

N+MAX, N-MAX
€o
T
Vth
trEO
1Stern
Z+

Vin

1 —
Nga3

A

25,946 mol/m?

1.56x10%* 1/cm?
8.85x107'* F/cm
300K
259 mV
5,10, 15, 20 nm
a/2=0.2 nm
+1

1V
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2.3 Static simulations of metal / PEO:CsClOs4 / metal capacitors

The ionic concentration profiles across the thickness of the PEO film in the steady
state for a 1 V bias are shown in Fig. 2.2. The cation, n+, anion, n_, and net, nygr = n+ — n-_,
ion concentration profiles are shown in red, blue, and green lines, respectively. The gray
line marks the initial ion concentration n, before the bias is applied. After turning on the
bias, the electric field across the film causes ions to drift to the electrode interfaces,
thereby reducing the ion concentration in the bulk, as the inset of Fig. 2.2 shows. For a
given voltage polarity at an electrode (e.g. negative), ions of opposite polarity (cations)

are attracted and accumulate at the interface, while ions of the same polarity (anions) are
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Fig. 2.2 Simulated ionic concentration profile in the steady state for an applied bias of
1V. The left and right y-axes indicate the volumetric and molar concentration,
respectively, of cations (dotted red line), anions (dotted blue line), as well as the initial
(solid gray line) and the net (solid green line) ion concentration. The location of the Stern
layers and the electrodes are indicated by blue and yellow boxes, respectively. The inset
is a zoom-in into the boxed region.
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repelled and their concentration drops in the electrode vicinity. The resulting cation and
anion concentration profiles are mirror images of each other with respect to a vertical line
at the PEO midpoint (x = 5 nm). Thus, going forward only the cation profiles will be
shown for clarity, knowing that the anion profile is axially symmetric with respect to the
PEO midpoint.

Shown in Fig. 2.3 are the (a) electric field magnitudes and (b) cation
concentration profiles vs. position in the steady state after applying a constant voltage
between 0 — 1 V. Since in the steady state, the ionic charge at the EDLs fully
compensates the charge at the electrodes, the applied voltage drops across the EDLs,
while the bulk remains at an equipotential. With increasing bias, the electrode surface
becomes more densely packed with ions of opposite polarity and the EDL extends deeper
into the PEO film, as the left inset of Fig. 2.3(b) shows. Meanwhile, in the vicinity of the
electrode of the same polarity, the ions are further repelled with increasing bias, as the

right inset shows, increasing the width of the ionic species’ depletion region.
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Fig. 2.3 Steady-state (a) electric field and (b) cation concentration profile across the film
as a function of biases ranging from 0 to 1 V. The Stern layers and electrode contacts are
indicated in light blue and yellow, respectively. The left and right y-axes in (a) indicate
the electric field in V/nm and MV/cm, respectively. The inset in (a) is the EDL
capacitance density vs. applied bias. The left and right y-axes in (b) show the volumetric
and molar ionic concentration, respectively. The insets in (b) are zoom-ins into the ionic
concentration at the electrode vicinities.
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The inset in Fig. 2.3(a) shows the steady-state EDL capacitance for various
applied voltages, calculated as Cepr = Qrp1/0.5Vin, where Qepr is the integral of the net
ion concentration, nyer = n+ — n-, from the electrode to the PEO midpoint, in order to
account for all the net charge corresponding to that EDL, even if far from the electrode
interface. For reference, the expected capacitance density for a geometrical capacitor with
a relative dielectric constant 55, =1.5 and a plate spacing of 0.4 nm (a/2 = 0.2 nm Stern
layer with &g, =1, plus 0.2 nm Diffuse layer = 0.4 nm with ep5, = 1.5; this is the depth
at which the cation concentration is approximately equal to the bulk concentration, as the
inset of Fig. 2.3(a) shows) is 3.3 uF/cm? for a 20 um diameter area, which is consistent
with the simulation. The inset shows that with greater applied bias, there is a slight
increase in the final EDL capacitance, which is consistent with the higher electric field
extending deeper into the PEO film and resulting in greater ionic accumulation, as seen in

the left inset of Fig. 2.3(b).

2.4 Simulated transient response of metal / PEO:CsClO4 / metal capacitors

The time evolution of the cation concentration profile and the electric field along
the PEO thickness is shown in solid lines in Fig. 2.4(a) and (b), respectively. The net ion
concentration at one electrode is marked in circles in the left inset of (a). Given that as
time evolves, there is an order magnitude difference in concentration of cations and
anions at this electrode interface, the net ion concentration, nyer = n+ — n-, almost equals
the concentration of the accumulated ion. As explained in the prior section, the cation
profile is a mirror image of the anion profile, as Fig. 2.2 shows, since both types of ions

are taken to have the same properties other than their opposite polarity.
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Again, once the electric field is applied, the cations drift toward the negative
electrode, where they accumulate over time. The ion concentration saturates as time
progresses, as the zoom-in in the left inset of Fig. 2.4(a) shows. The depletion of cations
at the positive electrode also slows down over time.

Additionally, Fig. 2.4(b) shows that as the EDLs charge up over time, more of the
applied bias drops across the EDLs, while the electric field in the bulk decreases. By
150 ps it has dropped by an order of magnitude. This decreasing rate in EDL charging
happens because the ion accumulation (depletion) also increases (decreases) the
concentration gradient, which opposes any further accumulation (depletion). However, if
the applied bias and thus, electric field in the bulk was increased, cations would continue
to drift toward the negative electrode and away from the positive electrode, until a new
balance with the concentration gradient is reached. That would allow #+ at the interface to
get closer to the maximum ny4x set by the steric limit and, for even higher bias, it would

thicken the EDLs as seen in Fig. 2.3(a).
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Fig. 2.4 Multiphysics simulation. (a) Ion concentration and (b) electric field vs. position
along the depth of the PEO film at various times after applying a 1 V bias. The left and
right y-axes in (a) indicate the volumetric and molar ion concentration, respectively. The
insets in (a) are zoom-ins into each electrode vicinity. The cation density in shown in
solid lines, while the net ion density is indicated by circles in the left inset. The left and
right y-axes in (b) each show the electric field in V/nm and MV/cm. The blue and yellow
boxes indicate the location of the Stern layers and metal contacts, respectively.
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To better visualize how the EDLs charge up, Fig. 2.5 shows (a) the ionic
concentration at the interfaces and (b) the EDL charge and capacitance density over time.
Fig. 2.5(a) shows how, starting from the initial concentration ny, the ionic concentration
at the electrode of opposite (dashed lines) and same (dotted lines) polarity changes non-
linearly over time. lons repelled by the electrode of the same polarity drift away from it,
lowering their concentration at the interface to ~ 7 x 10!8 cm™ in 250 ps, as the inset in
(a) shows, after which it increases only slightly over time due to the increased
concentration gradient, eventually reaching ~ 8 x 10'® cm™ after 1 ms. This reflects the
already-discussed time evolution of the concentration profile at the electrode of the same
polarity seen in the right inset of Fig. 2.4(a).

The inset in Fig. 2.5(a) shows that the ionic accumulation at one electrode is only
symmetric with the depletion at the other for around 200 ns. Afterwards, the ionic
accumulation continues to increase linearly while the ionic depletion at the other
electrode settles on a value orders of magnitude lower. This is because while the cation
concentration at the positive electrode can only vary between ny and 0, the change in n+
can be much greater at the negative electrode, where it is capped at nyux ~ 1.56x10%
1/cm?® by the steric limit set by the finite ion size. Thus, cations can accumulate faster at
the negative electrode than they deplete the positive-electrode vicinity in the first tens of

microseconds.

33



—
Y
—
X
[y
o
N
V=

|
T I ‘ I 7 10
1
= § 21 n, n. 5
b N—
] > \ \j £ 102
N® = |e-pe0csci0. |+ S
g 4 4 ®
< g n. n, c 109
o - g :

O,
(b) 2r

~ ot o
E | 2
< ¢t s
S 1 a3
- r Electrode: - g
08 [ Positive >

akd | | | , xNegatw‘e lo

0 200 400 600

t (us)
Fig. 2.5 Time evolution of the ionic concentration and EDL charge and capacitance
density in response to an applied bias of Vv =1 V. (a) Concentration of cations, n-, and
anions, n-, at the left and right edges of the PEO (x = 0.2 and 9.8 nm, respectively). The
time dependence of the accumulated (dashed) and depleted (dotted) peak concentrations
are shown. The black dotted line indicates the initial equal ion concentration of cations
and anions. The inset is a semilogarithmic plot from 0 to 1 ms. (b) Charge (dotted lines;

left y-axis) and capacitance (markers; right y-axis) density of the EDL at the positive
(red) and negative (blue) electrodes.

The combined effect of ion accumulation at the electrode of the opposite polarity
and depletion from the electrode of the same polarity leads to a net charge density at the
EDLs, as the left y-axis in Fig. 2.5(b) shows for both positive (red dotted line) and
negative (blue dotted line) electrodes. Again, this net charge of one of the EDLs, Qgpz,
was obtained by integrating the net ionic concentration, nyer = n+ — n-, from x = 0.2 to

0.5 nm. The right y-axis of Fig. 2.5(b) shows the EDL capacitance, indicated by markers.
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The EDL capacitance is shown again on the left y-axis of Fig. 2.6(a), this time
using a logarithmic time scale. The right y-axis shows the percentage of the steady-state
Cepr for a 1V applied bias, marked in yellow in the inset of Fig. 2.3(a). The EDL
capacitance reaches 3.7 uF/cm? after 1 ms, which already is 99.7% of the steady-state
Cepr. The capacitor goes from 10% to 90% charged in ~168 us.

The 3.7 uF/cm? EDL capacitance is slightly less than the capacitance density of a
parallel-plate capacitor with the permittivity of vacuum and thickness d equal to the 0.2
nm of the Stern layer, d = fsiern, 50 that Csier/A = &o/tsiern = 4.4 uF/cm?. This is consistent
with the net ion concentration at 1 ms, shown in the inset of Fig. 2.6(a), which indicates
that the EDL extends into the PEO film beyond the Stern layer. Thus, there is a second
capacitor, consisting of a more diffuse ionic layer and the permittivity of PEO, in series
with Cszern, thereby reducing the total EDL capacitance to 3.7 uF/cm?.

The time evolution of the electric field, E, is shown in Fig. 2.6(b), again using a
log time scale, for three locations indicated by arrows in the inset: the Stern boundaries
(x=0.2 and 9.8 nm) and at the midpoint, x = 0.5 nm. As seen in the electric-field profile
in Fig. 2.4(b), while the electric field at the Stern boundaries increases and saturates as
the EDLs charge, less of the applied bias drops across the bulk, thereby slowing further
ion drift to continue charging the EDLs. As the left inset of Fig. 2.4(b) shows, after a few
tens of microseconds of applied bias, the electric field in the bulk drops by several orders

of magnitude, essentially halting the EDL charging in this timescale.
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Fig. 2.6 Simulated time evolution of the EDL capacitance density and electric field at
various depths of the PEO film after a bias of Vv = 1 V is applied across the
PEO:CsClOq4 film. (a) Charging of the EDL capacitance at the positive (red) and negative
(blue) electrodes over time. The right y-axis shows the percentage of the steady-state
Cepr. The 10%-90% charge time is marked in green dotted lines. The inset in (a) shows
the net ion concentration profile near the positive electrode at 1 ms. (b) Electric field vs.
time at the locations marked by arrows in the right inset: mid-bulk (black), x = 0.2 nm
(red), and x = 9.8 nm (blue).The left inset in (b) shows a log-log plot of E.

The prior results show that the significant changes in ion concentration, electric
field, surface charge density, and EDL capacitance all happen within the microsecond
timescale. This is also where most of the current decay takes place. This can be seen in
the J-¢ plots in Fig. 2.7, which show the current density (indicated with a solid line)
circulating through the circuit in the inset after a 1 V bias is applied. As observed
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experimentally [38, 55], the current density exhibits an initial peak, here of ~25 mA/cm?,

followed by a decay of more than 3 orders of magnitude spanning ~3 time decades.
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Fig. 2.7: Current density flowing through the circuit in the inset vs. time after applying a
bias of Vv =1V, shown in an (a) linear and (b) logarithmic scale. The simulated current
and the displacement current at the Stern layer are indicated with solid and dotted lines,
respectively.

Given current continuity, the current density can be calculated as the electric

displacement current at the Stern layer, due to a change in the electric field across the

g9d(Estern)

Stern layer, Esiers, over time: | = =——

. This is indicated with markers in Fig. 2.7,

showing that this calculation matches the external circuit’s current density directly
outputted by COMSOL.
The effect of thinning the PEO film in the ion dynamics is examined next. Fig. 2.8

shows the time progression of the EDL capacitance and electric field in PEO films of
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thicknesses between 5 and 20 nm. The insets in Fig. 2.8(a) and (b) show the net ion
concentration profile vs. position and the 10% to 90% charge time of the EDL
capacitance vs. PEO thickness, respectively. Fig. 2.8(a) shows that all films eventually
achieve the same final Cgp; because, as seen in Fig. 2.8(b), all films reach the same
steady-state electric field at the Stern layer and thus, the same net ion concentration
profile, indicated by a dashed gray line in the inset of Fig. 2.8(a). However, thinner films
reach the steady state hundreds of microseconds faster, inset of Fig. 2.8(b), because they
experience a higher electric field cross the film from the onset, leading to faster ion drift,
which is proportional to E, and thus, greater ion accumulation and higher Cgp; for a

given time in the transient response.
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Fig. 2.8 Simulated time progression of the EDL charging and the electric field at various
depths of the PEO film after a 1 V bias is applied, for four PEO film thicknesses. (a) EDL
capacitance density (left y-axis) and percent of the steady-state Crpr (right y-axis)
achieved at a given time. The inset shows the net ionic concentration vs. position near
one electrode at 100 ps (colored lines) and 1 ms (gray dashed line). (b) Time evolution of
the electric field in mid-PEO (solid lines) and at the edge of the Stern layer with the rest
of the PEO film (dashed lines), as indicated by the schematic diagram. The inset in (b)
shows the 10% to 90% charge time vs. PEO thickness.
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The time evolution of the current density for various PEO:CsClO4 thicknesses is
shown in Fig. 2.9 using (a) linear and (b) logarithmic scales. The current peak increases
for thinner films, given that the electric field at x =0.2 nm is higher, which in turn
increases the displacement current in this layer. The current decay is also more
pronounced, with the 5 nm film having almost an order of magnitude less current at # = 1

ms than the 20 nm film.
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Fig. 2.9 Simulated current density vs. time after applying a 1-V bias to various
thicknesses of PEO:CsClOs film, shown in (a) linear and (b) logarithmic scales.
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2.5 Conclusion

The transient study shows that, for the 5 to 20 nm film thicknesses explored, most
of the steady-state ionic response has been reached after 1 ms of a 1V applied bias.
However, the EDL capacitance is 90% charged much sooner, after only ~176 us for the
10-nm PEO film. After that time, the decrease in the electric field in the bulk slows down
any further ionic drift toward the EDLs, essentially halting it by ~500 ps for the 10 nm
film. The time progression towards the steady state happens nonlinearly, with the peak
electric field at the Stern layers and the net charge accumulation at the electrodes growing
at an increasing rate after ~1 ps, after which they continue to rise linearly for tens of
microseconds before saturating and resulting in a steady-state EDL capacitance of around
3.7 uF/cm?. The displacement current density exhibits an initial peak and subsequent
decay, with larger peaks and faster decays seen in thinner films, corresponding to the
higher electric field and producing faster ionic drift. While films of various thicknesses
achieve the same EDL capacitance, thinner films reach their steady-state charge faster,
with a 5 nm film reaching a 90% charged state ~250 ps faster than the 20-nm film. If the
applied voltage is limited, thinner PEO:CsClOs films offer the advantage of faster

charging rates due to the higher electric field.
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CHAPTER 3:
NANOSCALE SOLID POLYMER ELECTROLYTE FOR MEMORY AND

COMPUTING

3.1 Overview

Having observed the theoretical ion dynamics describing EDL charging in ideal
capacitors with decananometer-thick PEO:CsClO4, we now turn to fabricated systems in
which PEO:CsClO4 has been spin-coated onto various substrates, some of which have
nanometric features such as CNTs. Dropcasting processes for depositing PEO on CNTs
have not been as effective or reproducible as on 2D crystals. It has often been assumed
that PEO either does not coat CNTs effectively or that an interfacial layer forms, which
acts to set the ions back from the semiconductor, thereby reducing the geometrical
capacitance and induced carrier density. High-resolution imaging can expose unexpected
gaps, residues, or contaminants at the PEO/CNT interface. This chapter reports on the
imaging of CNTs embedded in a PEO polymer matrix, both by high-resolution TEM
(HRTEM) and scanning TEM (STEM) combined with EELS imaging. The latter also
permitted imaging the distribution of Cs in the polymer matrix.

In this study, record thin PEO:CsClO; films are demonstrated on Si and CNTs-on-
quartz for potential applications in transistors and neuromorphic computing. Spin coated
films as thin as 7.8 nm, commensurate with VLSI electronics, are shown to surround
CNTs without interlayers. EELS mapping reveals the uniformity of Cs in PEO at the
decananometer scale. Evaporated SiO, on PEO is demonstrated as a capping layer for

further lithography.
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3.2 Introduction

Ion-containing polymer dielectrics are being explored in electron devices at the
decanometer scale for junction formation and reconfiguration, dynamic memory, and
neuromorphic functions. As detailed in Table 1.1, spin-coated films of PEO without an
added salt have been achieved as thin as 40 nm by Dalnoki—Veress [46], 14 nm by
Schonherr and Frank [41], and 13 nm by Seung [41]. In contrast, studies of PEO with a
salt are mostly of micrometer-thick films. Scaling down the polymeric film’s thickness
can alter its physical behavior with respect to the bulk properties, including its
conductivity, morphology, and degree of crystallization [40, 41], which can affect how it
coats nanometric structures. Moreover, the addition of a salt is known to affect the film
structure of PEO [56].

Here, PEO:CsClOq films are achieved in the range of thicknesses of 7to 11 nm, a
scale relevant to nanoscale device applications, obtained on SOI and CNT-on-quartz
substrates. This chapter reveals the physical attributes of a fabrication process that has
shown remarkably ideal capacitance-voltage behavior [57, 58]. The films are
characterized in cross—sectional images by TEM and EELS, as summarized in Fig. 3.1, to
reveal the coating of structures with nanometer features. Through EELS analysis, the
polymer’s amorphous carbon character is distinguished from the sp>~hybridized carbon
of the CNT. With SiO; evaporated over the PEO, Cs is observed to be contained within
PEO, which can serve as a capping layer for further lithography. EELS mapping reveals
the unbiased accumulation of Cs at the PEO/SiO> interface due to the built-in electric

field. In the coating of 2-nm-diameter CNTs, EELS mapping shows that PEO:CsClO4
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closely surrounds the CNT wall, with no indication of interlayers, as desired for electric

double layer formation used in transistors and neuromorphic applications.
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Fig. 3.1 Schematic summarizing the characterized device structures and measured TEM
and EELS cross-sections discussed in this chapter.

3.3 Experimental section

Two sample sets were prepared on two different substrates, one a commercial SOI
wafer and the other being CNTs-on-quartz. Fig. 3.2 shows the CNT-on-quartz starting
substrate (from Greg Pitner, Stanford University), consisting of aligned CNTs with a
density of ~2 CNTs/um. The wafers were cleaned using conventional surface preparation

steps before spin coating PEO:CsClOs.
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Fig. 3.2 Plan-view images of CNTs on quartz: (a) scanning electron microscope and (b)
AFM images. The CNTs were grown between Fe catalyst lines (white arrows) and have a
density of ~2 CNTs/pm.
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CsClO4 (Sigma Aldrich, 99.995% purity) was dissolved in PEO (molecular
weight, 110,000 g/mol, Polymer Standards Service PSS-peol10k) as reported [19], at
room temperature in an Ar glovebox (99.999% Ar, H O <0.1 ppm, O <0.1 ppm). The
PEO:CsClO4 solution was spin coated at 8,000 rpm, using a previously detailed process
[58], on: a) 1.3%1.3 cm? SOI (12 nm Si/ 20 nm SiO> / (100) Si), RCA—cleaned* and HF—
dipped immediately before spin coating and b) similarly-sized quartz wafers with aligned
CNTs, solvent-cleaned in hot acetone and isopropyl alcohol for 5 minutes each, rinsed in
DI water for 30 s, and dried with N». Substrates were then hot-plate baked at 50 °C for 10
minutes in Ar to evaporate the remaining solvent. For each substrate, after spin coating of
PEO:CsClO4, one wafer was capped with ~13 nm of e-beam evaporated 99.99% SiO:
(base pressure 4x1077 Torr; O pressure 3.5x10~* Torr, deposition rate 0.5 A/s) while the
other wafer was left uncapped.

Cross-sections of each wafer were prepared for TEM and EELS spectral imaging
using focused ion beam milling (FEI Helios G4 Ux DualBeam) after depositing a
protective Ir/Pt cap to preserve the structure. CNTs-on-quartz wafers were cut
perpendicular to the nanotube axis. TEM images were taken in an FEI Titan 80-300 kV in
bright—field mode; scanning electron microscope images were taken in an FEI Magellan
400; and atomic force microscope images were taken in a Bruker Dimension Icon system

in an Ar Glovebox.

4 The RCA clean consists of a 10 minute dip in the following baths: Piranha (3 : 1 H2SO4 : H202),
RCA 1 (40-50 : 1 : 1 DI : NH4OH : H202), and RCA 2 (40-50 : 1 : 1 DI : HCI : H20z2), with a DI rinse in
between baths.
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The EELS spectra were acquired using a JEOL F200 STEM (200 keV, 0.1 nm
beam spot size) equipped with a Gatan quantum image filter and spectrometer with a
direct-detection electron-counting camera (K2 Summit, energy resolution 0.5 eV). The
EELS STEM dataset was collected using a beam current on the order of 20 pA, with a 3 —
4 A probe size, and an exposure time per spectrum of 15 and 1 ms for CNT and SOI
scans, respectively. No signs of electron-beam damage were observed. Each capped

specimen was first imaged under ADF STEM mode to select the desired scan region.

3.4 Results

Titan TEM cross-sections of (a) uncapped and (b) capped PEO:CsClO4/SOI are
shown in Fig. 3.3. The wafers were imaged with HRTEM in bright—field mode. The spin
coating of PEO:CsClO4 on SOI resulted in an ~8 nm film. The deposition of the ~13 nm
SiO2 layer did not alter the PEO thickness. This may be due to the way PEO crystallizes
in films that are only a few nanometers thick: the polymer chains fold into a serpentine
composed of several ~10-nm long segments, each oriented perpendicular to the
substrate’s surface, which is known as a flat-on orientation [59, 60]. The top few
nanometers of the SiO; film appear to show an interpenetration of the Ir cap. The lower
surface of the SiO, at the PEO interface is relatively smoother than the upper surface.
Considering 12 equidistant points along a 312 nm lateral line under the capped PEO
(imaged at 145,000x), the average thickness is 7.8 + 0.6 nm. This thickness is to our

knowledge the thinnest spun film of high molecular weight PEO:CsClO4 reported to date.
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Fig. 3.3 High-resolution TEM images of PEO:CsCIO4 on SOI: (a) uncapped PEO and (b)
Si0;-capped PEO. Ir is deposited to protect the wafers during focused ion beam milling.
A Titan TEM cross-section of PEO:CsClOs on the CNT-on-quartz substrate is
shown in Fig. 3.4(a). The cross-section contains two CNTs embedded in an
approximately 8-nm-thick PEO film. Fig. 3.4(b) shows a CNT in capped PEO:CsClO4,
11 nm thick, with a zoom-in of the CNT shown in Fig. 3.4(c—d). The nanotube has
multiple walls. Several iron oxide nanoparticles (NPs) from the seeding/growth process

can also be seen in Fig. 3.4(b—c), on the quartz surface.
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Fig. 3.4 High-resolution TEM images of PEO:CsClOs on CNTs-on-quartz. (a) CNTs
coated with PEO. (b) CNT and iron oxide NPs coated with PEO and capped with SiO».
(c—d) Increasing zoom—in into the CNT.
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EELS analysis was carried out in a JEOL F200 STEM, starting by selecting the
scan region in annular dark field (ADF) STEM mode, as shown in Fig. 3.5(a). From a
microscopy perspective, the challenges lie in the nature of the specimen. CNTs embedded
in a polymer matrix of COH atoms are not visible using ADF STEM because the total
atomic weight is similar, making contrast too low to distinguish the two different C
phases. Carbon-based materials are particularly beam sensitive and for this reason beam
current is kept low (<20 pA). In the CNT wall, carbon is in a double-bonded sp?
configuration. This configuration is revealed in the EELS spectrum, shown in red in
Figure 4b, where the strong and pronounced ©* peak is apparent. The K2 detector [61] is
capable of counting single electrons, thus removing instrumentation and photoconversion
errors arising in scintillator-based detection schemes. With this detector, we were able to
locate the sp? C rich phase typical of a CNT while avoiding beam damage of the
specimen.

In the SiOz-capped PEO on CNT-on-quartz wafer, analysis of the EELS spectra
from the PEO area between the quartz substrate and the SiO; cap reveals a C K—edge
with features corresponding to amorphous carbon, shown in blue in Fig. 3.5(b). There,
the C K—edge exhibits a weaker n* peak relative to the CNT n* peak (Fig. 3.5(b), red).
This is because in PEO, C atoms are in a mixture of sp? and sp’® phases, with a lower
percentage of C atoms in a sp? configuration vs. a CNT, thereby resulting in a weaker 7*
peak. Notably, the n* peak in the spectra extracted from the polymer layer appears to be
split, indicating the presence of some degree of C-O bonding, as expected from the

chemical structure of PEO.
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Fig. 3.5 (a) ADF STEM survey image of the scan region. An arrow marks the location of
a CNT detected using EELS chemical mapping. (b) EELS spectra of two carbon
allotropes: amorphous carbon from the PEO layer (blue) and sp?-hybridized carbon from
a CNT (red), with a pronounced n* peak. The curves were normalized to the same c*
maximum and vertically displaced for visibility. (¢) EELS colorized elemental and
chemical map distinguishing Si, Fe, amorphous C (PEO), and sp*-hybridized C (CNT).
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The two carbon allotropes were chemically mapped out, Fig. 3.5(c), using their
distinct C K—edge features, as previously utilized by Su [62]. Fig. 3.5(c) also shows the
elemental maps of Si and Fe. The spectra from the cap region shows a Si L edge with the
typical fine structure of SiO», while the NP region contained an Fe L edge (not shown)
which together with the NP shape, size, and focused-ion-beam cut along the Fe catalyst
line confirms that these are iron oxide NPs used in the CNT growth process [28]. This
map shows no substantial interfacial layers or gaps at the CNT/PEO interface. PEO can
be seen to fully surround the nanostructures.

The EELS spectra from the PEO layer also exhibited the Cs M4,5 features, Fig.
3.6(a), thereby enabling the detection of the ~0.19 atomic percent of Cs in the polymer
film. The Cs M4.,5 spectrum was superimposed and normalized to the same maximum as
a standard Cs M4,5 spectrum extracted from the atlas reference library in Gatan
DigitalMicrograph. The close match with the reference spectrum of Cs confirms the
presence of Cs.

The detected Cs M4,5 features allowed imaging the Cs distribution in PEO for the
first time, Fig. 3.6(b), showing that Cs is confined to the PEO matrix. There is a notable
increase in the intensity of the Cs signal near the SiO»/PEO, which likely indicates the
accumulation of Cs* ions due to the built-in electric field of the heterostructure. Iron
oxide NPs are also visible in the lower portion of the PEO layer. Cesium was not detected
in the SiO> layer, suggesting an effective encapsulation. An arrow in Fig. 3.6(b) marks
the scan region where the CNT was detected. Here, a faint dark circle indicating the CNT
can be seen with Cs in proximity and in the interior. It is known that Cs can be inserted

into CNTs, reported by Senga [63] using STEM with EELS.
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Fig. 3.6 (a) EELS spectra of Cs extracted from the PEO region (red) vs. a Cs standard
(blue). (b) EELS colorized elemental map distinguishing Si, Cs, and Fe. An arrow marks
the CNT location where Cs is apparently observed inside and outside of the CNT.

The anion ClO4~ was not imaged in these experiments. While the Cs M4,5 edge in
PEO’s COH matrix is pronounced and easy to identify, the same amount of CI from the
CIO4™ anion is not readily observed. This is because of the shape of the CI L-edge at 200
eV is not easily resolved. In a typical EELS spectrum, the peak to background ratio
increases with energy loss, which suggests using the Cl K at 2.8 keV; however, in our
measurements, the CI intensity is too low at the beam currents needed to stay below the

damage threshold.
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3.5 Discussion

The semiconductor/PEO:CsClO4 interface is shown here to be flat at the
nanometer scale, with the Cs* ion content relatively homogeneously distributed. The
capacitance-voltage characteristics of Pd/Ti/PEO:CsClO4/Si metal oxide semiconductor
capacitors, formed using this same spin process, have recently been shown to have
electrical properties in good agreement with the physical dimensions and with low
leakage [58]; this is also discussed in the next chapter. The Si/PEO:CsClO4 interface is
polarizable with Cs™ cations or ClO4 anions, and can achieve surface charge densities
similar to ferroelectric materials, e.g. hafnium zirconate [64]. Unlike ferroelectrics, which
switch abruptly about a coercive field, the Si/PEO:CsClO4 and metal/PEO:CsClO4
interfaces polarize continuously with applied electric field. Thus, many different levels of

EDL strength can be achieved at these interfaces.

3.6 Conclusions

The physical characteristics of PEO:CsClO4 were measured at the nanometer
scales of interest for VLSI. We have shown that spin-coated films can be achieved with
thickness of 7.8 nm, thinner than prior reports. TEM images show that the coating is
homogeneous and the coating of nanostructures is effective even on 2-nm-diameter
CNTs, without visible interlayers, as desired for electric double layer formation. We have
been able to image Cs in PEO by EELS, also not previously reported, and show that it is
well confined in the polymer and distributed within the PEO film. The Cs also appears to
be substantially confined by an evaporated SiO» cap, which has been added for the

purposes of encapsulation and to enable subsequent lithography. No physical

54



impediments are indicated for applications of PEO:CsClO4 at the decananometer scale.
This solid polymer electrolyte can be used to form electric double layers at
polymer/semiconductor interfaces, which is a functionality that can be exploited for

memory and nontraditional computing.
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CHAPTER 4:
IMPEDANCE-FREQUENCY CHARACTERIZATION OF ULTRATHIN

POLYETHYLENE OXIDE CAPACITORS

4.1 Overview

Having observed the physical characteristics of spin-coated PEO:CsClO4 with and
without an SiO2 encapsulation layer, we now turn to characterize the electrical properties
of these ultrathin films. The impedance-frequency and capacitance-voltage characteristics
of metal/PEO/Si MIS capacitors at thicknesses relevant to transistor technology are
measured with and without CsClO4. Basic understanding of the impedance frequency and
voltage characteristics of this MIS system is established in spin-coated films in the
thickness range from 6 to 19 nm, as determined from capacitance measurements and
transmission electron microscopy. Estimates of the dielectric constant, energy band
diagram, charge trap density, and conductivity in ultrathin PEO are obtained. Simple
equivalent circuits based on resistive and capacitive elements that reflect the physical
system are used to model the measured impedance frequency trends and compare films
with and without CsClO4 in the polymer matrix. This study reveals the electrical
properties of PEO near the limits of thickness scaling, toward memory and neuromorphic

device applications.

4.2 Introduction
In the early days of MOSFET development, ions such as Na and K were

extensively characterized to understand their source and eliminate them from SiO. gate
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oxides [65]. Mobile ions in MOSFET oxides introduce hysteresis in the threshold
voltage, which is an effect generally to be minimized. However, with recent interest in
analog memory for weight storage in neural networks and synapse formation in
neuromorphic computing, the hysteretic properties of oxides are inspiring applications
[66] [67].

PEO containing an alkali perchlorate has been widely used to electrolytically gate
thicknesses in these studies to be in the range of 0.2 — 1 um, well beyond the thickness
scales of VLSI electronics. In this paper, we investigate the electrical properties of spin-
coated PEO in the thickness range of 6 — 19 nm. We fabricate MIS capacitors and
perform impedance spectroscopy to provide data in a form common to the
characterization of solid-state oxides. By comparing PEO with and without the ionic salt
CsClO4, we can understand the effect of the salt on the capacitor’s electrical properties
and show that the solid polymer PEO in ultrathin MIS capacitors has low leakage and
remarkably ideal impedance-frequency behavior. This is then compared with PEO MIS
capacitors containing the salt CsClO4, which shows that the effects of the ionic content in

these ultrathin films are remarkably consistent with prior reports on much thicker films.

4.3 Experimental section

PEO was prepared by spin coating films with and without CsClOs. Conventional
Si surface preparation steps were used prior to spin coating, including an RCA—clean and
buffered HF—-dip. This was followed immediately by transfer into an Ar MBraun

glovebox for spin coating, to maintain the O> content below 0.1 ppm and thus minimize
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exposure of the PEO to water vapor and O,. The PEO was obtained from Polymer
Standards Service (PSS-peol10k). Solutions of PEO with and without CsClOs were
prepared using methods previously described [19]. The CsClO4 is a product of Sigma
Aldrich with purity 99.995%, and the mole fraction used was 0.013. The spin coating was
applied to 3.5 x 3.5 cm? Si (100) substrates with a resistivity of 0.01 — 0.02 Q-cm, and
for two carrier types: n—type, Sb, and p—type, B. PEO without CsClO4 was spun on n—Si
wafers at 2, 4, 6, 8, or 10 krpm. PEO either with or without CsClO4 was spin—coated on
p-Si wafers at 2, 4, 6, or 8 krpm. Each wafer was spun for 30 s, followed by a hot—plate
bake at 50 °C for 10 minutes in the Ar glovebox to evaporate the solvent. Top-electrodes
were formed by electron-beam evaporation through a shadow mask; the deposition
consisted of a 1 nm Ti adhesion layer followed by 180 nm Pd top electrode. Capacitor
diameters of 20, 45, and 63 um were used to provide normalized area steps of 1Xx, 5X,
and 10X. When not under test in an N> ambient, the capacitors were stored in the Ar
glovebox to minimize water absorption.

Electrical measurements were made in a Cascade Summit 11000 probe station at
room temperature in the dark and in flowing N>. A Keithley 4200A parameter analyzer
was used to measure impedance Z, parallel capacitance, Cp, and conductance, Gp, vs. the
top gate electrode voltage, Vi and frequency, f. For Z, Cp, and Gp vs. f measurements, the
gate voltage was applied with a superimposed sinusoid of 30 mV rms. The time over
which frequency sweeps (1 kHz to 2 MHz) were taken was 284 s; this is relevant to the
electrode polarization/charging state. For C, G-V measurements, VG was swept from
most negative towards positive values in steps of 0.1 V and at 10 mV/s unless otherwise

noted. A 10 s hold was applied at the first measurement voltage before the start of data
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acquisition.

TEM measurements of a Pd/Ti/PEO/n-Si capacitor were made in an FEI Titan 80-
300 to establish the physical thickness of spin-coated PEO. Focused-ion-beam milling
(FEI Helios G4 Ux DualBeam) was used to prepare the TEM specimens, after an in-situ
deposition of a protective Ir/Pt cap. The average PEO thickness of the 8-krpm-coated
wafer was determined over a lateral length of 932 nm (82 points) to obtain the physical
thickness of ~7.4 nm. Accumulation capacitance measurements were then calibrated to
this thickness using a dielectric constant of 1.5. For the remainder of the sample set,
capacitance measurements were used to determine the thickness with the same dielectric

constant.

4.4 Results and discussion

Shown in Fig. 4.1(a) is the TEM cross-section of a PEO film spun at 8 krpm,
showing a thickness of 7.4 = 1.4 nm. The PEO/Si interface is notably sharp, with most of
the thickness variation arising from the upper PEO/metal interface. The measured
frequency dependence of the impedance magnitude and phase are shown in Fig. 4.1(b—c)
for five different PEO thicknesses. The impedance is well described by a simple
capacitance, decreasing inversely with frequency, with a phase of approximately —90°.
This ideal capacitance behavior is observed over more than 2 orders of magnitude. The
measurement in Fig. 4.1 was made for an accumulation bias of 2 V; however, this ideal
capacitive behavior is maintained for all bias conditions spanning the full range of
voltages used in the C—J measurements. The impedance was also found to scale linearly

with capacitor area, as expected.
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Fig. 4.1 (a) TEM image of a Pd/Ti/PEO/n-Si capacitor using PEO spun at 8 krpm,
resulting in an ~7.4 nm film. (b) Frequency dependence of the impedance magnitude and
(c) phase of 63 um diameter MIS capacitors of different PEO thicknesses, biased in
accumulation at V¢ = 2 V. The dotted black line shows the excellent agreement of the
measurements (markers) to an ideal capacitor’s |Z| with thickness tpro of 8 nm. Colored
solid lines represent model fits to the measurements using a parallel-RC equivalent
circuit. The inset shows PEO thickness vs. spin speed extracted from the accumulation
capacitances with eppo = 1.5.
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Using the measured physical thickness of 7.4 nm, the capacitor area, and the
measured accumulation capacitance at 1 MHz, a relative dielectric constant, epzo = 1.5,
was obtained. This value is somewhat lower than reported by Nasir et al. [69], epro ~2.3,
and measured on thick PEO films (600,000 g/mol; thickness, ~250—400 pum) between
mm-diameter stainless steel electrodes. Using 1.5 for the dielectric constant, measured
thicknesses vs. spin speed were computed from accumulation capacitance measurements
and plotted in the inset of Fig. 4.1(b), with error bars given from geometrical
uncertainties.

Given the ideal MIS Z—f dependence, we can accurately account for the frequency
dependence by a parallel capacitance, Cp, and conductance, Gp. From the conductance,
the conductivity, o = Gptpro/A, can be obtained, where A4 is the area. The resulting semi—
logarithmic Cp—f and log—log o plots are shown in Fig. 4.2(a) and (b). As expected for a
geometrical capacitor, the measured capacitances are substantially independent of
frequency, with a slight increase observed below 3 kHz which will be discussed later.
The capacitance density with electrode areas measured by optical microscopy increases

inversely with film thickness, again as expected.
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Fig. 4.2 Frequency dependence of the parallel (a) capacitance and (b) conductivity of 63
um MIS capacitors with different PEO thicknesses biased in accumulation at Vg =2 V.

Dotted lines mark a region of dc conductivity. Solid lines represent model fits to the
measurements (markers) from 5k — 2 MHz, using the equivalent circuit in the inset of (b).

The log—log o plot in Fig. 4.2(b) shows a plateau at low frequencies, indicated
by dotted lines. This frequency-independent dc conductivity, ou, has been previously
observed [70] in thicker PEO films. The plateau is followed by a region in which the
conductivity increases directly in proportion to frequency spanning more than 2 decades.
Such a frequency dependence of the conductivity is a property of many heterogeneous
systems such as noncrystalline materials, including PEO [71, 72]. In parallel conductance
measurements when the impedance phase is close to —90°, the measured real part of the
complex impedance is much smaller than the imaginary part. The conductance of the
ultrathin PEO capacitors exhibits a variability which is associated with the low signal

level of the real impedance component. This is true here and in measurements to follow.
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The simple capacitor behavior of |Z|, 87, and Cp, along with the linear frequency
dependence of o for f > ~5 kHz can be modeled by a parallel RC, where C is a geometric
MIS capacitance and R is a resistive element that has a linear frequency dependence, with
the equivalent circuit shown in the inset in Fig. 4.2(b). The solid lines in Fig. 4.1 and 2
show how closely this model represents the measured behavior (shown in markers) of
Pd/Ti/PEO/n—Si MIS capacitors.

The measured C—V characteristics vs. PEO thickness are shown in Fig. 4.3 and
compared with simulated characteristics of an ideal MIS capacitor. The simulated C-V
characteristic, Fig. 4.3(a), is obtained using the heterostructure Poisson solver BandProf
[73]. For the purposes of the simulation, a plausible band diagram is proposed using a
PEO band gap from optical absorption measurements of 4.5 eV [74]. The n—Si substrate
has a doping of Np = 1x10'"® cm™ and our measured value of epro = 1.5 is used. The
metal/PEO barrier is placed near midgap, 2.2 eV, and a PEO/Si conduction band offset,
AEc, of 1.2 eV leads to a flatband voltage of approximately 1 V. This band diagram is

consistent with the C—J measurements.
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Fig. 4.3 (a) Energy band diagram of a Pd/PEO/n—Si capacitor biased at flatband and
simulated using the heterojunction Poisson-solver BandProf [73]. (b) Capacitance density
vs. voltage in Pd/Ti/PEO/n—Si MIS capacitors vs. thickness. Markers indicate
measurements made at 1 MHz while biasing from depletion at —1 V towards
accumulation at 2 V. The solid lines are the simulations. (c) Accumulation capacitance
density (at 2 V) vs. inverse PEO thickness, extracted from TEM and C—} measurements
at 1 kHz (open circles) and 2 k, 10 k, 100 k, and 1 MHz (filled colored circles). Dashed
lines show the linear fit, C = (gpepro)/trEo, used to extract epro. (d) Dielectric constant of
PEO vs. frequency.

The simulated characteristics generally agree with the accumulation capacitance
and minimum capacitance, but the transition to the minimum capacitance happens over a
lower voltage span than the simulation predicts. This may arise from residual background
ion conductivity in the films. PEO is also known to absorb moisture, which raises its
ionic conductivity [75]. Tonic polarization of the PEO surfaces can be expected to alter
the capacitance transitions.

The accumulation capacitance density is plotted vs. inverse PEO thickness in Fig.
4.3(c). The linear relation and low frequency dispersion suggest a nearly ideal capacitive

behavior across the various PEO thicknesses. The linear fit (dashed lines) of the

measurements (markers) was used to extract the dielectric constant of PEO, which as Fig.
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4.3(d) shows, has a weak dependence on frequency across most of the frequency range,
with gpro of 1.9 at 2 kHz and 1.5 at 1 MHz.

The detailed dependence of the capacitance and conductance characteristics vs.
slew rate of the gate voltage (using double sweeps) is shown in Fig. 4.4 for MIS
capacitors spun at 4 krpm (¢pro ~11.4 nm). The white noise reduction factor in the
Keithley 4200A, i.e. filter factor, was varied from 1 to 100, and used to increment the
measurement slew rate between 580 and 10 mV/s. For the PEO MIS capacitor on n—Si,
the flatband voltage is approximately 1 V, and as bias increases electrons accumulate on
the Si surface. The hysteresis observed in the capacitance as the voltage is ramped from
—1 to 2 V and back corresponds to a bias which ranges from depletion to accumulation,
Fig. 4.4(a). Hysteresis in the characteristics in the voltage range above zero can be
associated with charge trapping at or near the PEO/n-Si interface and reaching a
maximum near the flatband voltage, 1 V.

From the voltage shift in the double sweep measurement at fixed capacitance, the
density of charge trapped at the PEO/n—Si interface can be estimated. In this portion of
the C—V characteristic, the bias ranges from just below flatband to accumulation, so that
electron traps in this region are likely located energetically near the conduction band
edge. The charge responsible for the hysteresis AV at a particular C is AQ = CAVg, and
from AQ the density of mobile charge can be estimated as Nr = AQ/qA, where q is the
electron charge. This charge density, N7, is plotted vs. bias and slew rate in the lower
right portion of Fig. 4.4(a). Contributions to this hysteresis likely come from electronic
traps, but mobile ions in the PEO cannot be ruled out. If the main contribution is

electronic, the trap states are located near the Si conduction band edge. For the lowest
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slew rate, 10 mV/s, the peak in the mobile charge density occurs at voltages
corresponding to accumulation biases. These traps are likely at the Si surface or in the
surface border region of the PEO. The slew rate dependence can be explained if the traps
have a higher capture rate than emission rate. High slew rates produce the greatest
magnitude of accumulated fixed charge. The slower sweep rates allow the traps to fill and
empty along with the bias, so that the voltage differences in the double sweep

measurement are reduced. The highest accumulated charge is found to be 2.6 x 10'!/cm?.
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Fig. 4.4 Measured double-sweep slew-rate dependence of a Pd/Ti/PEO/n—-Si MIS
capacitor spun at 4 krpm (tpro ~11.4 nm) with a diameter of 63 um. (a) Parallel
capacitance, Cp, and density of trapped charge, Nr, vs. voltage, and (b) parallel
conductance, Gp, vs. voltage. Forward and backward sweeps are indicated in dashed and
solid lines, respectively.
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Considering the G-V measurement of Fig. 4.4(b), two conductance peaks are
observed, and the slower slew rates shift the conductance peaks toward smaller gate
voltages. The conductance peaks measured at 10 mV/s are centered around —0.5 and 0.8
V. The upper peak at around 0.8 eV corresponds to a bias near accumulation bias and is
likely due to state filling near the conduction band edge of Si. The peak at around —0.5 V
is still in the upper half of the Si band gap, as band diagram simulations indicate the
valence band is not reached until a voltage of nearly —4 V. The energetic position of the
conductance peak near the conduction band edge may suggest the presence of shallow
donor traps.

The impedance—frequency characteristics of PEO capacitors with and without
CsClO4 are compared in Fig. 4.5, here using p—Si substrates. Open and filled markers
indicate the measurements of PEO and PEO:CsClO4 capacitors, respectively, biased in
accumulation. As was observed in the n—Si substrates, the capacitors without CsClO4
exhibit an essentially ideal characteristic, with inverse frequency dependence and —90°
phase shift. With the added salt, the impedance magnitude decreases due to the increase
in ionic conductivity. In contrast to prior published studies [69, 72] on thick PEO
capacitors, the measurements here show an impedance which is more capacitive than
conductive. Where the phase reaches 45°, the real and imaginary parts of the impedance
become equal. This again is a consequence of the reduced impedance of the PEO:CsClO4

due to the ionic conductivity of the film.
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Fig. 4.5 Impedance-frequency dependence comparing Pd/Ti/PEO:CsClO4/p—Si and
Pd/Ti/PEO/p—Si MIS capacitors. (a) Impedance magnitude, |Z|, and (b) phase, &7, vs.
frequency. The measurements of PEO and PEO:CsClO4 capacitors are indicated with
open and filled markers, respectively. The capacitors were biased in the range —0.6 to —1
V corresponding to accumulation biases. Solid and dashed lines represent RC model fits
to the PEO and PEO:CsClOs4 capacitor data, respectively, using the equivalent circuits
shown in the insets of (a) and parameters given in (c-f), with the geometrical capacitances
computed from the physical geometry with €prro = 1.5. The boxed inset in (a) shows the
electrical thickness vs. spin speed of PEO without (blue e) and with (red €) CsClO4. (c)
Bulk resistance Rp; inset shows the Ry parameter of the frequency-dependent resistance.
(d) Geometric capacitance Cs and bulk capacitance Cp for PEO (white bars) and
PEO:CsClO4 (colored bars). (e) Resistance R and (f) capacitance Cg =
CepriCepr2/(Cepri+Cepr2) at the electrodes. Circles in (¢) mark the expected Rp
extrapolated from thick PEO:CsClO4 (tpro ~1 pum) discussed in [76]. Circles in (d)
indicate the Cp expected from the same bulk thickness used in the extrapolation of Rs.
The left and right axes have the same resistance and capacitance scales.
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The PEO and PEO:CsClO4 capacitor data is modeled using the simple equivalent
circuits shown in the insets of Fig. 4.5(a) and parameters given in (c-f). The resulting
model fits are shown in Fig. 4.5(a-b) in solid and dashed lines for films without and with
CsClOg, respectively. Here our aim is to see to what extent the simplest lumped element
model can capture the responses which relate to ion transport and the electrode
polarization. For PEO capacitors without CsClO4 on n and p—Si, the essential physics is
captured by a parallel RC circuit, where the capacitive element is the geometric
capacitance and the resistive element is a frequency—dependent resistor, Ro/f.

The PEO:CsClOg4 capacitors can be modeled by an equivalent circuit with three
RC loops in series (inset of Fig. 4.5(a)). One loop, consisting of capacitance Cp in parallel
with resistance Rp, represents the charge transport in the bulk of the PEO film [77]. The
second and third RC loops represent the polarization at the metal and Si electrodes with
the capacitor, Cepz, representing an EDL capacitance. This capacitance is shunted by a
conductance that represents the charge transfer between the PEO film and the electrodes
due to ionic and / or electronic processes. This resistance R has previously been referred
to as a charge transfer resistance at the solid electrolyte’s interface with partially blocking
electrodes, and it produces a plateau in the modeled conductivity at low frequencies [77].
The measurements reported here are for biases sufficiently low that the measurements are
reversible and repeatable.

The expected bulk resistance, Rp, and capacitance, Cp, of PEO:CsClO4 capacitors
are marked by circles in Fig. 4.5(c) and (d), respectively. The anticipated bulk
capacitance and resistance were calculated as Cp = €y€ppoA/tpur and Rg = pteuik/A,

considering &pro = 1.5, the resistivity of ~1 um thick PEO:CsClO4, p ~5.67 X 10® Q-cm
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[76], and the thickness of the bulk, tg,;x = tpgo — 2tgp,. The EDL thickness tzpr is
estimated from the average EDL capacitance at the PEO/electrode interface, Cgp; =
E0€proA/tepL, obtained from the circuit parameter Cp = Cgp; /2. The expected Rp and
Cp are within the same order of magnitude as the values obtained from the circuit model
fits of PEO:CsClOs. For both PEO and PEO:CsClO4 capacitors, Rp drops and the Cp
increases with decreasing film thickness as can be expected. Capacitors with CsClO4
have a higher Cs, since the added presence of the EDL capacitors at the electrode / PEO
interfaces reduces the bulk thickness compared to PEO films without CsClOs.

The EDL capacitance density estimated from the model fit, 2Cg/A, which assumes
the EDLs at each electrode are equally strong, is ~1.1 pF/cm? and may be considered
small for an EDL capacitance; 3.7 pF/cm? can be expected from the COMSOL
Multiphysics simulations in Chapter 2, while prior measurements in this solid polymer
electrolyte yielded 4 uF/cm? [14]. The lower Cgpr in these ultrathin PEO:CsClO4
capacitors is likely due to the roughness of the Pd/Ti/PEO top electrode, see Fig. 4.1(a),
in contrast with the flatter PEO/Si bottom electrode. The resulting difference in the space-
charge separation at the top and bottom electrodes can lead to different EDL capacitances
at each electrode, Cepr; and Cepro. These two capacitances in series form the capacitor
Cr in the inset of Fig. 4.5(a). If at the flatter PEO/Si electrode Cepy; is 3.6 uF/cm?, while
at the rougher Pd/Ti/PEO electrode Cepr2 is lower, say 0.7 uF/cm?, the total capacitance
density Cr would be ~0.6 uF/cm? and the EDL capacitance, assuming both EDLs where
equal, would be ~1.2 puF/cm?. Thus, the lower-than-expected Cepz may arise from non-

uniformities in the top-electrode.
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Again, the Z—f data of PEO and PEO:CsClO4 capacitors is used to calculate the
parallel capacitance density, Cp, from which the effective dielectric constant, &, can be
extracted, Fig. 4.6. Measurements are indicated with markers, while the RC models are
indicated with solid and dotted lines in Fig. 4.6(a) for PEO and PEO:CsClOq,
respectively. As with the n—Si devices, the capacitance and dielectric constant of PEO
without CsClO4 on p—Si are constant across more than two decades. The Cp and ¢, of
devices with CsClOg are the same as in PEO devices without CsClO4 at high frequencies.
However, at frequencies below ~600 kHz, Cp and ¢, increase with decreasing frequency,
as the two-RC model also shows, reaching a maximum at 1 kHz of Cp ~0.6 pF/cm? and &,

~8.0 for PEO:CsClO4 vs. ~0.2 pF/cm? and 1.9 for PEO without CsClOs.
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Fig. 4.6 Measured frequency dependence comparing Pd/Ti/PEO:CsClO4/p—Si and
Pd/Ti/PEO/p—Si MIS capacitors: (a) parallel capacitance, Cp, and (b) dielectric constant,
&, of 63 pm MIS capacitors of various PEO thicknesses biased between —0.6 and —1 V.
& was extracted from a linear fit between the parallel capacitance density and inverse
thickness. For reference, in (a) solid and dashed lines indicate the one- and two-RC loop
models, for PEO and PEO:CsClOs, respectively as shown in the insets, with parameters
plotted in Fig. 4.5.

The frequency dependence of the conductivity of PEO and PEO:CsClO4
capacitors on p—Si wafers is shown in Fig. 4.7, where measurements and circuit model
fits are indicated in colored markers and solid or dashed lines, respectively. PEO devices
without CsClO4 have a conductivity roughly increasing linearly with frequency above 10
kHz. There are some variations in o due to the closeness of 8, to the ideal —90°, as seen
in Fig. 4.5(b); that is, the measured real component of the impedance, used to calculate o,

is very small, leading to some variability in the calculation of the real part of the
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impedance. The linear o—f trend measured in PEO without CsClO4, shown in open
markers, is reproduced by the one-RC equivalent circuit, indicated by solid lines, due to
the presence of a frequency dependent resistor, Ry/f.

The measured conductivity of PEO:CsClO4 capacitors, shown in solid markers, is
between roughly 1 to 2 orders of magnitude higher than in PEO without CsClO4. The
frequency exponent n in the o—f" relation changes value at around 100 kHz, below
which it is relatively linear and above which o goes roughly as the square-root of f, as
shown in black dashed and dotted lines in Fig. 4.7. These n values are within the limits of

0 and 1 reported in the literature for polymers, with various fractional values representing

different ion conduction processes [1].
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Fig. 4.7 Measured frequency dependence comparing Pd/Ti/PEO:CsClO4/p—Si and
Pd/Ti/PEO/p—Si MIS capacitors: conductivity, o, of 63 um MIS capacitors of various
PEO thicknesses biased between —0.6 and —1 V. For reference, the one- and two-RC loop
model, shown in the insets with parameters plotted in Fig. 4.5, are indicated in colored

solid and dashed lines for PEO and PEO:CsClOs, respectively. Dashed and dotted black
lines indicate a linear and square—root o—f relation.

The two-RC model for PEO:CsClOs4 captures the approximate frequency in which
n changes values. Its bulk resistor, Rp, is orders of magnitude lower than the frequency-
dependent resistor, Ro/f, describing the bulk of PEO without CsClO4. This again shows
that the addition of CsClOs increases the conductivity of the PEO bulk. In these two
separate conductivity ranges for PEO and PEO:CsClO4 there may be different ion
conduction mechanisms involved, leading to different c—f™ relations, as can be expected
from the additional presence of Cs* and ClO4™ ions, rather than only PEO’s background
ions, such as OH™ and H".
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The increase in dielectric constant, Fig. 4.3(d) and Fig. 4.6(b), and the decrease in
o, Fig. 4.2(b) and Fig. 4.7, at low frequencies observed in PEO and to a greater degree in
PEO:CsClO4 capacitors has been reported in bulk PEO and other ion-conducting
materials, and it is largely attributed to incipient electrode charge polarization effects that
strengthen at even lower frequencies [70, 78]. At high frequencies, the conductivity is
governed by ion drift in the bulk [77] of the PEO film. With increasing frequency, the
conductivity increases approximately linearly and the dielectric constant tends to level
off. The low-frequency o and dielectric constant spectra are related to the accumulation
of ions at the PEO/electrode interface, producing space-charge layers across which most
of the electric field is dropped, while the PEO bulk experiences a much lower electric
field. This causes the dielectric constant to increase and o to drop with decreasing
frequency, at least until reaching a o plateau due to the partially, rather than fully,

blocking nature of the electrodes [77].

4.5 Conclusion

The impedance frequency properties of PEO and PEO:CsClO4 have been
characterized at thicknesses from 6 to 19 nm, thinner than prior reports. The properties of
PEO without CsClO4 are well described by an oxide that has a band gap of approximately
4.5 eV, metal-PEO barrier of 2.2 eV, and PEO/Si band offset of 1.2 ¢V. From the C-V
hysteresis of PEO capacitors without CsClO4 and assuming its main contributions are
electronic, the trap density is estimated to exceed approximately 2.6x10'!/cm?. The
extracted static dielectric constant of PEO without CsClO4 in ultrathin films is ~1.6.
Adding CsClOg increases the parallel capacitance and dielectric constant for frequencies
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below 500 kHz, due to the polarization of ions at the interface of PEO with the
electrodes. Adding CsClOg4 also increases the conductivity of the films across the full
frequency range. Both PEO and PEO:CsClO4 capacitors had a roughly linear frequency
dependence, with the latter transitioning to a square-root conductivity-frequency
dependence at ~100 kHz.

Simple equivalent circuit models capture the overall impedance vs. frequency
trends. For PEO without CsClO4, a single RC loop represents the ion transport in the bulk
of the film, with the resistor having a simple inverse-frequency dependence. When
CsClOq is present, the charge transfer resistance and an electrode polarization capacitance
is sufficient to explain the measured response. The addition of CsClO4 reduces the bulk
resistance by orders of magnitude compared to PEO without CsClO4. Ultrathin PEO
films at the decananometer scale are shown here to be insulating and to exhibit
impedance-frequency behavior similar to thicker films even at the micron scale. No
impediments are found to using PEO:CsClOs at scales commensurate with VLSI

technology for deep learning and neuromorphic applications.
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CHAPTER 5:
DYNAMIC RESPONSE OF MIM CAPACITORS WITH DROPCASTED AND SPIN-

COATED PEO AND PEO:CSCLOg4

5.1 Introduction

In this chapter, the Multiphysics capacitor model introduced in Chapter 2 is used
to simulate the ionic response of PEO:CsClOs to a voltage step and to a train of triangular
voltage pulses. This is then compared with measurements of MIM capacitors, where the
insulator is ultrathin PEO:CsClOs. The measurement are shown to have a response in
reasonable agreement with the simulations at biases in which the electronic currents
(leakage and trap-filling) are negligible. The fabricated devices were further analyzed by
TEM and contrasted with impedance-frequency measurements to enable comparison with

our prior studies and the work of others.

5.2 Simulated triangular-bias response

A Multiphysics capacitor model with PEO thickness of 10 nm and parameters
listed in Table 2.1 was used to simulate the dynamic response of PEO:CsClO4 to a £1 V
triangular pulse train of various slew rates, for comparison with experiments. A
sufficiently low slew rates (e.g. 4 kV/s) the EDLs charge and discharge in response to the
applied electric field. High slew rates (e.g. 4 MV/s) lead to short times for EDL charging
and significant displacement currents. In the Multiphysics model only the ionic and
displacement currents are computed. No electronic current transport mechanism is

included in the simulation.
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Shown in Fig. 5.1 is the current density J (left y-axis) produced by an input

voltage Vv (right y-axis) with a decreasing slew rate, from 4 MV/s in (a) to 4 kV/s in (d).

The current scales by three orders of magnitude across these plots. In the 4 MV/s — 400

kV/s range, Figs. 5.2(a-b), the displacement current is much larger than the ionic current

and the current magnitude changes in direct proportion to the slew rate. The capacitance

density, estimated from C = J/(dV/df), is approximately 0.13 uF/cm? in Fig. 5.2(a); this

corresponds to a dielectric with relative permittivity of 1.5 and thickness of 10 nm, as

expected from the geometry. As the slew rate decreases to 40 and 4 kV/s, Fig. 5.2(c-d),

the displacement current becomes small relative to the ion current. As the displacement

current diminishes, the ionic current component is revealed.
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Fig. 5.1 Current density J (left y-axis) and input voltage Vv (right y-axis) vs. time ¢ for 5
cycles of a triangular-waveform bias with various slew rates: (a) 4 MV/s, (b) 400 kV/s,

(c) 40 kV/s, and (d) 4 kV/s.
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To quantify the amount of charge accumulated at the EDL with each slew rate,
the simulated current density was integrated over time. Plotted in Fig. 5.2 are the last 4
cycles of (a) the current density and (b) the polarization charge density vs. input voltage.
Fig. 5.2(a) shows the 78x decrease in peak current, from ~546 mA/cm? at 4 MV/s down
to ~7 mA/cm? at 4 kV/s. As the slew rate decreased, the polarization charge increased,
Fig. 5.2(b), since it extends the amount of time under a given voltage polarity for ions to
drift toward the EDLs to charge them.

The location of the polarization-charge peak is dependent on sweep rate. At the
higher slew rates, where the displacement-current component dominates, the apparent
polarization is maximum at the peak voltage. This represents the charge density due to
the geometrical capacitance (as the ions do not move quickly enough to polarize the
surface). In contrast, when the displacement current becomes comparable to the
polarization current, the absolute maximum polarization charge density occurs after the
peak voltage has been reached and the slew rate has changed sign. This delay, seen in the
inset of Fig. 5.2(b), occurs because of the relatively slow ionic response under an electric
field that retains the same direction and thus continues to support ionic flow toward the

EDLs, thereby producing a maximum polarity at lower than maximum input bias.
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Fig. 5.2 Current (a) and polarization charge density (b) vs. input voltage for a triangular
waveform reaching a maximum of 1 V at various slew rates. The polarization loops cycle
in the counterclockwise direction. The inset in (b) shows the polarization (solid line) and
input voltage (dashed line) during the last cycle of the 4 kV/s triangular wave.

5.3 Experiments to validate modeling

To assess whether the Multiphysics model captures the dynamic behavior of
experimental capacitors with nm-thick PEO, MIMs with spin coated PEO and
PEO:CsClO4 were fabricated for subsequent electrical characterization. In the Notre
Dame Nanofabrication Facility, 2 X 2 cm? p—type Si (100) wafers with a resistivity of
0.01 — 0.02 Q-cm were MOS-cleaned and HF-dipped (50:1 DI:HF, 5 s), followed by an
electron-beam evaporation of the bottom electrode. The later consisted of two noble
metals, 135 nm Au, followed by 50 nm Pt, chosen in order to minimize the likelihood of
electrochemical reactions between the metal and the electrolyte. Finally, a ~2 nm Ti layer
was evaporated as an adhesion layer for PEO. This is meant to help increase the

interaction of PEO with the substrate, which is known to result in a lower crystallization
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rate, as well as in a type of polymer-chain folding known as flat-on lamellae [79],
resulting in more continuous films compared to the edge-on lamellae [80] that occur
when there is little to no interaction with the substrate [81].

Inside an Ar glovebox (99.999% Ar, H,O <0.1 ppm, O; <0.1 ppm), PEO and
PEO:CsClO4 solutions were prepared, as detailed in Chapter 3 and 4, and spin coated on
the bottom electrodes at either 1 or 8 krpm. The wafers were then baked at 50 °C for 10
minutes to evaporate the solvent. Finally, top electrodes were formed by electron-beam
evaporation through a shadow mask of the same metals in the bottom electrode but in
inverted order: ~1 nm Ti, followed by 8 nm Pt and 125 nm Au. A schematic of the MIM
stack is shown in Fig. 5.3(a). The top electrodes where 20, 45, and 63 um in the spin-
coated wafers in order to have capacitor area steps of 1X, 5%, and 10X. When not under
test, the wafers were stored in the Ar glovebox to minimize moisture absorption.

TEM cross-sections of a 20 um MIM with PEO:CsClOs spin coated at 8 krpm are
shown in Fig. 5.3(a-b). The top electrode had an irregular profile, which together with the
roughness of the top electrode resulted in a PEO film with greater thickness variations
than that seen in previous chapters, Fig. 3.3, Fig. 3.4(a), and Fig. 4.1(a), in which
smoother bottom substrates where used. Despite this greater thickness variation, the
electrical characterization shows that these MIM capacitors are well behaved, with many

similarities with their previously-studied MIS counterparts (chapter 4).
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Fig. 5.3 MIM (Au/Pt/Ti/PEO/Ti/Pt/Au/p-Si) capacitor with ultrathin PEO:CsClOs4. (a)
Stack schematic. (b) HRTEM image of the cross-section of a 20-um diameter capacitor
with PEO:CsClOs spin-coated at 8 krpm.

5.3.1 Dynamic response of MIMs to triangular voltage pulses

The behavior of the Multiphysics model for a 10 nm PEO:CsClO4 capacitor is
compared next with experimental MIMs with PEO and PEO:CsClO4 spin-coated at 1
krpm. Fig. 5.4(a) shows the simulated and measured current density in solid blue and
dotted green lines, respectively, in response to a £0.7 V, 10 kV/s pulse train, indicated by
a dashed black line. The resulting polarization charge is shown in Fig. 5.4(b). A low
maximum applied voltage (£1 V on MIMs with 1 krpm PEO) was chosen in order to stay

well away from voltages that could induce electrochemical reactions at the electrodes.
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In the absence of Cs* and ClO4 ions (dark-green, dotted line), the total current
density is expected to be near the displacement current density, given by the product of
the geometric capacitance density and the slew rate, which for a capacitor with the
permittivity of PEO, 10-nm thickness and 20 pm in diameter is ~1.3 mA/cm?. The
measured current density for the PEO MIM was approximately 2x higher, ~3 mA/cm?,
which is in reasonable agreement with expectation, given the uncertainties in layer
thickness, area, and ion diffusivities. As for PEO:CsClOs, the simulated current density
had a maximum of ~12 mA/cm?, while the experimental peak current was approximately

2x higher, ~ 22 mA/cm?.
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Fig. 5.4 Comparison of the (a) current density and (b) polarization charge density of a
PEO:CsClO4 capacitor modeled in COMSOL Multiphysics (solid blue line) vs.
experimental (dotted green line) 20-um capacitors with PEO (dark green line) and
PEO:CsClO4 (light green line) spin-coated at 1 krpm and biased with £0.7 V, 10 kV/s
triangular pulses (dashed black line).

83



The polarization charge density of the last 4 cycles is shown in Fig. 5.4(b). The
PEO-only capacitor (dark green) had a maximum polarization charge density of
QO ~ 0.16 uC/cm?. This non-zero polarization despite lacking CsClO4 reflects the presence
of a residual background ion density in PEO, some of which could be H" and OH™ from
any absorbed air moisture. The PEO:CsClOs capacitor (light green) had a higher
maximum polarization charge density of ~1.1 uC/cm?, which is close to the ~0.6 uC/cm?
observed in the COMSOL model (blue). This polarization increase with respect to pure-
PEO capacitors reflects the additional presence of the large number of Cs* and ClO4™ ions
contributing to charge the EDLs. Overall, the Multiphysics simulations capture the
transport and transient response of the measured films.

The impact of the slew rate on the polarization charge accumulated at the
electrodes is examined next and compared with the trends seen in the Multiphysics
model. Fig. 5.5 shows the (a) current density and (b) polarization charge density vs. input
voltage of an MIM capacitor with 1-krpm PEO:CsClOs, as indicated by the schematic in
(b). The applied bias was 5 cycles of a £1 V triangular pulse train with slew rate varied
from 800 V/s to 100 kV/s. Again, a decreasing slew rate resulted in a lower current
density and a larger polarization charge density, as expected, reaching up to ~6.4 uC/cm?
at 800 V/s. The maximum charge accumulated with a 5 kV/s slew rate is in the same
order of magnitude as the value yielded by the simulated triangular waveform with a 4
kV/s slew rate, Fig. 5.2, again showing the agreement between the Multiphysics model

and the experiments.
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Fig. 5.5 Dependence of the measured (a) current density and (b) polarization charge on
the input-voltage sweep rate in an experimental Au/Pt/Ti/PEO:CsClO4 /Ti/Pt/Au/p-Si
capacitor with 1-krpm PEO:CsClOs. The inset in (a) is a zoom-in across the y-axis.

5.3.2 Dynamic response to a large applied electric field

Having previously restricted the magnitude of the applied voltage to minimize
leakage current, next we show the effects of leakage current as biases are increased.
Leakage current is not included in the Multiphysics model we have been using. Fig.
5.6(a) shows the current density (left y-axis; colored solid lines) in response to 5 cycles of
a =1 V, 750 V/s triangular waveform (right-axis; dashed black lines) applied to an MIM
with 8-krpm PEO:CsClO4. Different colors mark three consecutive repetitions of this 5-
cycle test. Unlike the symmetric current density loops observed previously (e.g. the
response of the 1-krpm MIM to a £1 V, 800 V/s bias, Fig. 5.5), here the same +1 V is
applied across the thinner 8-krpm MIM result in a higher electric field, large enough to
produce an asymmetric current. The current density vs. voltage loops in Fig. 5.6(b) show
the marked increase in current above around +0.6 V. Within this range, a leakage

component is added to the total current, which could be due to electronic transport across
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the PEO film and/or charge trapping. When the current density is integrated over time
across each of the 5 cycles, Fig. 5.6(c), the resulting polarization charge density no longer
forms overlapping loops as in Fig. 5.5(b), but instead increases with every additional
period in an upward spiral. Nonetheless, the current-density overlap of the three
repetitions highlights the repeatability of the measurements, despite the higher electric
field, suggesting it is not large enough to cause an electrochemical reaction that would

irreversibly modify the device behavior.
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Fig. 5.6 Repeatability of the time evolution of the (a) current density (left y-axis; colored
solid lines) of a Au/Pt/Ti/PEO:CsClO4 /Ti/Pt/Au/p-Si capacitor with 8-krpm
PEO:CsClOQq, in response to 5 cycles of a £1 V, 750 V/s triangular pulse train (right y-
axis; dashed black line). The colors indicate three subsequent repetitions. (b) Current
density and (c) polarization charge density vs. input voltage for the three repetitions.
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This current asymmetry is less pronounced at higher slew rates, as the J-V loops
in Fig. 5.7(a) show, and is almost absent at 100 kV/s (yellow). This results in a O-V loop,
Fig. 5.7(b), that overlaps with itself across cycles, as shown in the zoom-in in the inset of
Fig. 5.7(b). As the slew rate decreases, the asymmetry becomes more accentuated, likely
because the mechanism behind it has sufficient and greater time to transport electronic
charge and/or accumulate charge in the film. Since there is a slightly larger positive than

negative current, the maximum polarization charge density is positive and increases with

each cycle.
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Fig. 5.7 (a) Current density and (b) polarization charge density vs. input voltage of an
Au/Pt/Ti/PEO:CsClO4 /Ti/Pt/Au/p-Si capacitor with 8-krpm PEO:CsClOs, shown
schematically in the inset of (a), in response to 5 cycles of a £1 V triangular pulse train
with slew rate between 800 and 100k V/s.
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5.3.3 Dynamic response of MIMs to a voltage step

The step response of simulated and experimental 1-krpm PEO:CsClOs MIMs is
observed next. Fig. 5.8(a-c) show the current-density and polarization-charge response to
a voltage step of increasing magnitude, from 0.1 to 0.4 V, reached at a rate of 1 kV/s. The
current density is seen to increase in magnitude during both the ramp up and the ramp
down to zero. The measured currents and polarization charges (dotted lines) are within
the same order of magnitude as the ones predicted by the Multiphysics simulations (solid
lines). However, during the ramp, the simulated current density saturates but the
measured current density continues to increase, which could suggest some current
leakage through the PEO film. As soon as the voltage becomes constant, the current
begins to decay. The polarization charge density increased with higher voltages, as
expected. However, in the simulations the polarization charge saturated at a maximum
value around 1 ms after reaching the plateau of the voltage step, while the measured
polarization charge continued to increase throughout the plateau.

The dependence of the current and polarization-charge response on a 0.4-V step’s
slew rate, which was varied between 1, 2, and 4 kV/s, is shown in Fig. 5.8(c-e) for both
simulated (solid lines) and measured (dotted) capacitors. The current density increased
with slew rate, as expected from the larger displacement current component, which is
proportional to dV/dt. Given that this step series had the same voltage amplitude, the
polarization charge density reached approximately the same value after around 500 ps in
the simulations and ~800 us in the measurements. However, the simulated value
eventually saturated, while the measured charge density continued to increase during the

step plateau. In addition, the maximum polarization charge was achieved faster using the
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higher slew rate, corresponding to the greater amount of time spent at the maximum
voltage. The results in Fig. 5.8 also suggest there is no non-volatility in these ultrathin

capacitive structures, given that the charge and discharge times are the same.
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Fig. 5.8 Current-density and polarization-charge response of a simulated (zpzo = 10 nm,
ereo = 1.5, 25 ps time step) and experimental (1 krpm) Au/Pt/Ti/ PEO:CsClO4
/Ti/Pt/Au/p-Si capacitor to a voltage pulse of varying amplitude (a-c) or slew rate (c-e).
The applied voltage step, current density, and polarization charge can be seen in the top,
middle, and bottom panels, respectively. The simulated and measured current density and
polarization charge are indicated in solid and dotted lines, respectively.

5.4 Frequency dependence of the impedance of MIM capacitors

The frequency dependence of the impedance of spin-coated MIM capacitors of
various areas and thicknesses is examined next. Fig. 5.9 indicates with markers the Z-f of
three sizes of MIMs with 8 krpm PEO (a-b) and PEO:CsClOs (c-d). The three capacitor

areas, defined using a shadow mask with 20, 45, and 63 pm discs, resulted in slightly
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larger top electrodes, on average 36, 57, and 71 um in diameter, respectively, according
to optical-microscopy measurements from a previous fabrication. The colored lines in (a)
and (c) indicate the impedance magnitude of an ideal capacitor with the dielectric
constant of PEO, gpro = 1.5, thickness of 4, 6, or 8 nm, and diameter of 36, 57, or 71 um.
The Z-f of PEO MIMs in Fig. 5.9(a-b) reflects a capacitive behavior. The impedance
magnitude decreases with frequency at almost the rate of an ideal capacitor, while the
impedance phase remains around —90°. The impedance magnitude decreases with area, as
expected from its inverse relation to the area of a parallel-plate capacitor. The three
capacitors have an impedance magnitude matching that of an ideal capacitor between 4
and 8 nm thick PEO, suggesting their effective thickness variation is somewhere within
this range.

The Z-f of PEO:CsClOs MIMs, Fig. 5.9(c-d), departs from this ideality, with a
decreasing |Z| at lower frequencies and a minimum impedance phase at around 200 kHz.
This behavior is expected, given that the EDL with Cs* and ClO4 has a higher charge
density for a given voltage, i.e. a larger capacitance, especially at lower frequencies, in
which ions have enough time to drift and charge the EDLs, thereby resulting in a lower

impedance than in PEO without added ions.
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Fig. 5.9 Frequency dependence of the impedance magnitude (top panels) and phase
(bottom panels) of MIM capacitors with 8 krpm PEO (a-b) and PEO:CsClO4 (c-d) with
top electrodes 36, 57, and 71 um in diameter biased at Vv = 0 V. Markers indicate
measurements while coloroed lines in (a) and (c) show the |Z| of an ideal capacitor with
ereo = 1.5, 4, 6, and 8 nm PEO thickness, and diameter of 36, 57, and 71 pum.

Shown in Fig. 5.10 is the frequency dependance of the impedance of 20 pm MIM
capacitors with PEO, Fig. 5.10(a-b), and PEO:CsClOs, Fig. 5.10(c-d) spin-coated at 1 and
8 krpm. Different markers indicate distinct capacitors. Colored reference lines mark the
impedance magnitude of an ideal capacitor with gpro = 1.5, diameter of 36 um, and
thicknesses from 5 to 45 nm. As Fig. 5.10(a-b) show, the PEO MIMs had in general a
behavior following the trends of an ideal PEO capacitor, with |Z] decreasing with higher

spin-speed, as expected, and an impedance phase of around —90°.
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Again, the Z-f of PEO:CsClO4 MIMs, Fig. 5.10(c-d), depart from this ideality,

with the effect in the impedance magnitude being more pronounced in the thicker, 1 krpm

films. This may be the result of the lower resistance across the shorter bulk of the thinner

film, leading to an impedance more dominated by the capacitive, rather than resistive,

component.
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Fig. 5.10 Frequency dependence of the impedance magnitude (top panels) and phase
(bottom panels) of 20-um MIM capacitors with PEO (a-b) and PEO:CsClO4 (c-d) biased
at Viv = 0 V. The polymer solutions were spin-coated at either 1 or 8 krpm, as indicated
by yellow, green, and blue markers, respectively. For a given spin speed, different
markers indicate distinct capacitors. For reference, dashed colored lines in (a) and (c)
mark the ideal |Z| for pro = 1.5, 36 um diameter, and ¢pro: 5, 15, 25, 35, and 45 nm.
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These measurements match the trends observed in MIS capacitors in the previous
chapter, Fig. 4.5(a-b). One difference is that MIMs without added ions appear to have a
lower electrical thickness than their MIS counterparts spin coated at the same speed. For
example, 8-krpm MIMs without ions have an impedance close to an ideal PEO capacitor
of only ~5 nm, rather than the ~11 nm of MIS capacitors with PEO spin coated at 8 krpm,
likely as a result of a lower electrical thickness, Fig. 5.1(d), than their more uniform MIS

counterparts, Fig. 4.1(a).

5.5 Dynamic behavior of thick MIMs

The response to a triangular bias was also measured in MIMs with thicker,
dropcasted PEO:CsClO4, as reported in [76], in order to observe the charge density
achieved by various voltage amplitudes or slew rates. Fig. 5.11 shows the experimental
current density and polarization charge density in response to a bias consisting of 5 cycles
of a triangular waveform of amplitude between + 0.4 and 2.8 V, Fig. 5.11(a-b), or slew
rate between 0.8 and 100 kV/s, Fig. 5.11(c-d). Because a dropcasted film is much thicker
(~1 um) than a spin-coated one, the resulting electric field at 2.8 V is two orders of
magnitude lower than the ~ 1 MV/cm a 10-nm film would experience. Thus, the current
density, Fig. 5.11(a), is symmetric and does not exhibit a sudden increase near the voltage
peaks like the spin-coated films do when under a 1-V bias, Fig. 5.6(a-b) and Fig. 5.7(a),
as expected given the much lower electric field.

At 0.8 kV/s, higher voltage amplitudes resulted in a larger maximum polarization
charge density, Fig. 5.11(b), as expected from the higher electric fields driving the ions to

charge the EDLs. A higher voltage amplitude also increased the voltage at which the
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maximum polarization charge was registered, which continues to increase even after a
change in sign in the slope of the triangular waveform, due to the slower ionic drift
compared to the bias. Increasing the slew rate decreased the maximum charge
polarization, Fig. 5.11(d), as expected and measured in the thinner MIMs, suggesting no

major differences in the behavior of micron- and nanometer-thick films.
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Fig. 5.11 Current density (top panels) and polarization charge (bottom panels) of

experimental MIM capacitors with dropcasted (~1 pm) PEO:CsCIO4 under 5 cycles of a
triangular bias of different amplitudes (a-b) or slew rates (c-d).
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5.6 Conclusions

The comparison of the experimental and simulated triangle and step responses at
500 Hz speeds, using voltages well below the electrochemical limit of V/nm, shows that
the measured transient response of ultrathin PEO:CsClO4 MIMs is fairly well represented
by the Multiphysics simulations of the ionic response. However, under a larger electric
field, the 8-krpm MIMs were driven further from equilibrium, revealing current
asymmetries that may be due to electronic transport and/or charge trapping within the
film. Further studies could reveal the electric fields needed to observe electronic
transitions where perhaps new interface phenomena are revealed. In all PEO:CsClO4
MIMs observed, higher bias frequencies decreased the amount of charge available per
cycle to strengthen the EDL. Higher voltages and shorter pulse times could be explored
in future work to see whether there are fast reversible and nonvolatile interactions at the

electrode surfaces that could be used for memory and neuromorphic computing.
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CHAPTER 6:

CONCLUSIONS AND FUTURE WORK

Motivated by an interest in increasing the charging speed of the EDL to a range
relevant to electronics, this dissertation has studied a solid polymer electrolyte consisting
of the organic dielectric PEO and a dissolved salt, CsClOs4, as it behaves when confined
in one dimension. Decananometer-thick films of PEO and PEO:CsCIO4 in MIS and MIM
capacitor structures were physically characterized with TEM and EELS, in order to
understand how the film coats nanometric structures such as individual CNTs for
potential integration with CNT logic. These ultrathin films were also electrically
characterized and simulated in COMSOL Multiphysics to better understand their static
and dynamic response to an applied electric field. It is known that confinement can
potentially alter a polymer’s bulk properties, including its degree of crystallization and
therefore, its conductivity [40]. PEO’s crystallinity decreases at thicknesses below ~200
nm [41]. This higher percentage of amorphous regions in which ions can move may
increase the speed of the ion response compared to the bulk. In addition, thinning the SPE
increases the electric field produced by a fixed input voltage, or conversely, it lowers the
voltage necessary to achieve a desired electric field. While PEG and PEO have been spin
coated down to ~10 nm, to the best of our knowledge, PEO with an added salt such as
CsClOg4 had previously only been drop casted; it is known that LiClOs, for instance, alters
the structure, mobility, and conductivity of PEO-based SPEs in various degrees

depending on the salt concentration [56].
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This dissertation has shown that PEO and PEO:CsClO4 can form continuous
nanometer-thick films after spin coating their polymer solutions onto various surfaces,
including semiconductors, such as Si and CNTs-on-quartz, Ti, and noble metals such as
Pd and Pt. It is known that the degree of interaction of the polymer chains with functional
groups on a particular surface can alter how the polymer chains orient themselves as the
film crystallizes [79]. The wrong orientation could result in discontinuous films after
crystallization. However, the physical and electrical characterization in this work show
that the films are continuous across at least several micrometers, resulting in a nearly
ideal capacitive behavior of PEO, with electrode polarization effects emerging in
PEO:CsClOq4 films with decreasing frequency.

TEM and EELS imaging have also shown that spin coating is a deposition method
that can produce PEO:CsClO4 films that, despite being only a few nanometers thick, can
still completely coat nanometric structures on the substrate surface, such as individual
CNTs, without any visible gaps or interlayers between the polymer and the nanostructure,
as desired for EDL formation at the SPE/CNT interface. These PEO:CsClO4 films can be
encapsulated by e-beam evaporated SiO», retaining the Cs* within the polymer matrix as
shown with EELS imaging for the first time, as well as coated with Ti, Pd, and Pt,
resulting in structures with record-thin films of ~6 and 7 nm for PEO and PEO:CsClOg,
respectively, as shown in the TEM cross-sections and electrical thicknesses in Chapters 3
and 4. The deposition of a top layer of SiO> or a metal did not significatively change the
polymer film thickness with respect to an uncapped PEO:CsClOs4 film. This is likely

because in PEO films that are a few nanometers thick, the polymer chains crystallize in a
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flat-on orientation, meaning they fold into a serpentine with segments perpendicular to
the surface, each ~10 nm long [59, 60].

Chapter 2 & 5 presented Multiphysics simulations of nanometric PEO:CsClO, to
observe the steady-state and transient ion response to a constant or time-varying voltage
bias. The charging of the EDL was seen to occur in the microsecond timescale, with the
EDLs of a 10-nm film reaching 90% of their steady-state capacitance density of 3.7
puF/cm? after ~176 ps. While decreasing the film thickness did not affect the steady-state
EDL capacitance, it did increase the speed at which it was reached, with the 5 nm film
acquiring 90% of its final EDL charge ~250 ps faster than the 20 nm film, as expected for
the higher electric field in it driving ions to the electrode interfaces. Thus, when voltage-
limited for power reasons, nanometric, spin-coated films offer an advantage with respect
to micrometric, dropcasted films because the same applied voltage produces a higher
electric field, which allows for faster EDL charging.

The ion concentration used experimentally and considered in these simulations
was too high to result in the EDLs at opposite electrodes overlapping and interacting with
each other. To observe any potential non-linearities introduced by this interaction, the
film thickness would likely need to be a few nanometers lower than 5 nm, given that the
Debye length is approximately 0.7 nm. However, at that point the electrode roughness
may be of comparable magnitude. Alternatively, the ion concentration could be reduced
to increase the Debye length in the electrolyte; the study of any resulting nonlinearities
could be the subject of future work.

The ultrathin PEO and PEO:CsClO4 MIS and MIM capacitors were electrically

characterized in Chapters 4 and 5, respectively. Both exhibited the same frequency
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dependence of the impedance. While previous studies of thick PEO capacitors [69, 72]
reported an impedance more resistive than capacitive, this work showed that MIS and
MIM capacitors with nanometric PEO have an insulating, nearly ideal capacitive
behavior. Ultrathin PEO ~ 6-15 nm thick was found to have a static dielectric constant of
~1.6, which is constant across ~ 3 orders of magnitude, a band gap of ~4.5 eV, and a trap
density of at least ~2.6x10!'!/cm?. The additional presence of CsClO4 increases the film
conductivity by 1-2 orders of magnitude, depending on the frequency. There is no
indication of a significant increase in conductivity specifically due to the polymer
confinement.

At high frequencies (> ~ 600 kHz), the impedance, static dielectric constant, and
parallel capacitance were the same for PEO with and without ions. But below 600 kHz,
electrode polarization effects became increasingly noticeable with decreasing frequency,
as reported for bulk PEO and other ionic conductors [70, 78]: the dielectric constant of
PEO:CsClOy4 increased, reaching ~ 8.0 at 1 kHz, which is 5x the value for PEO without
ions; the conductivity decreased in PEO with and without ions, until reaching a plateau
due to partially- but not fully-blocking nature of the electrodes, which sets a lower limit
to the conductivity. Finally, for PEO:CsClOs capacitors, the linear conductivity-
frequency region transitioned into a square-root dependence above ~ 100 kHz, suggesting
a change in the ion conduction mechanism dominating in this frequency region [1].

This work has also proposed simple equivalent circuit models that capture the
general trends of the impedance vs. frequency behavior of experimental MIS capacitors.
PEO capacitors can be modeled with a single RC loop, where the resistance decreases

with frequency. The ion transport in ultrathin PEO:CsClO4 capacitors can be captured
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with two RC loops in series: one has constant RC components representing ion transport
in the bulk, while a second RC loop contains the charge transfer resistance of the partially
blocking electrodes, as well as the electrode polarization capacitance. The bulk resistance
for the ultrathin PEO:CsClO4 capacitors, ~7-10x10* €, is around 1-5 orders of
magnitude smaller than the frequency-dependent bulk resistance of PEO capacitors
without an added salt, Ry/f, which varies with frequency and PEO thickness between
~10%-10'" Q. This is in agreement with the higher conductivity measured in ultrathin
PEO:CsClO4 capacitors.

The EDL capacitance density of ultrathin PEO:CsClO4 in MIS structures was
~1.1 uF/cm?, as estimated using the two-RC model and assuming the EDLs at the top and
bottom electrodes are equally strong. This is below the 3.7 puF/cm? expected from the
COMSOL Multiphysics simulations in Chapter 2, as well as the 4 pF/cm? yielded by
prior measurements [14]. This lower-than-expected EDL capacitance density may be due
to non-uniformities in the MIS structure’s metal top electrode vs. the flatter Si bottom
electrode. This would result in different EDL strengths at each interface, with the rougher
top electrode having a lower EDL capacitance.

The Multiphysics simulations of current density in response to triangular train
pulses at 500 Hz speeds agree with experimental observations in ultrathin PEO:CsClO4
MIMs, as long as the applied bias is low enough to avoid leakage and charge trap filling.
Larger input voltages result in an asymmetric current response and polarization loops that
no longer overlap but instead increase with each sweep repetition, which may be due to
electron transport and/or charge trapping. Further studies may reveal whether there are

even larger electric fields that result in electron transitions that produce new phenomena.
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Also, the use of lower bias frequencies increased the polarization charge and thus the
strength of the EDL in the MIMs, in agreement with observations of the frequency
behavior of the impedance in MIS capacitors.

The current response of PEO:CsClO4 MIMs to a voltage step did not differ during
the step rise and fall times, suggesting the EDL charge and discharge times also did not
significantly differ. The simulations and measurements in this dissertation suggest that
the MIM capacitors are completely volatile and an added layer would be necessary to
introduce non-volatility. Upon interaction with either cations or anions, this layer might
undergo a fast, reversible, nonvolatile reaction at the electrodes, or temporary ion or
charge trapping might occur. The latter is exemplified in [82], where a Au NP layer was
used to trap charge between a transistor channel and an ion gel. Considering various
candidate materials may be the topic of future studies aiming at using SPEs for faster
memory devices. Overall, the work in this dissertation suggests that PEO:CsClO4 can be
confined to thicknesses commensurate with VLSI electronics and in combination with
other functional layers and devices to pursue applications in analog memory, deep

learning, and neuromorphic computing.
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APPENDIX A:

STEEP SUBTRESHOLD SWING ORIGINATING FROM GATE DELAY

Abstract of work presented at the 2019 Device Research Conference

P. Paletti, M. Asghari Heidarlou, K. Gonzalez Serrano, C. Alessandri, and A. Seabaugh
University of Notre Dame, Notre Dame, IN 46556, USA
Email: ppaletti@nd.edu, aseabaug@nd.edu / Phone: (574) 631-4473

Apparent Steep Subthreshold Swing. Complex gate dielectrics are being widely
explored to provide voltage amplification leading to steep subthreshold swing (SS) in
transistors [1]. Here we show that hysteretic steep SS can arise simply from the
introduction of a series resistance in the gate of a metal-oxide-semiconductor field-effect
transistor (MOSFET), i.e. as a dynamic effect. The choice of measurement slew rate (SR)
and slew direction then directly affects the measured SS as has been previously reported
[2]. We use an ionic polymer gate dielectric to illustrate how the series resistance arises
from the ionic conductance controlling the time response of the electric double layer
(EDL) at the polymer/metal [3] or polymer/semiconductor interface [4]. While the ionic
polymer in an EDL transistor is used to illustrate the effects, the principles apply
generally to other complex insulating gates including ferroelectrics and piezoelectrics.

EDL Capacitor Dynamics. We first show that in a polyethylene oxide (PEO)-based
metal-insulator-metal (MIM) capacitor with drop-cast PEO thickness of ~1 um, the RC
response of the dielectric is controlled by the ionic conductivity of the PEO. Two
capacitors were fabricated, one with pure PEO and one containing the salt CsClO4 (ether
oxygen to Cs' molar ratio of 76:1, corresponding to an ion concentration of
~2.2x 10?° cm?3). In response to a triangular waveform of amplitude of +1 V, with a
period of 400 pus, the dynamic response of the pure PEO capacitor is well described by a
simple RC equivalent circuit stemming from EDLs formed by background OH™ and H*
ions. The dynamic response of the second PEO capacitor with CsClO4 exhibits a time
evolution characterized by two distinct time constants, with 16x higher current. Fitting to
those measurements can be used to extract the R and C components. The slow response is
a result of the low conductance of the Cs* and ClO4 ions in PEQO, in series to an EDL
capacitance density Cgpz of 2.26 uF/cm?. More rigorously, Cgpr results from the series
combination of the Stern layer and diffuse layer capacitance [5], analytical modeling of
the bias dependence of the EDL differential capacitance show that it depends on the salt
concentration and can be nonmonotonic.

Two-Dimensional (2D) EDL FET Modeling — Transient vs. Static Response. An
analytic model of the ionic polymer gate on a 2D FET has been implemented to explore
the dynamic behavior of the combination. The equivalent circuit of the gate dielectric is
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readily captured by a series resistance represented by a series RC circuit shunted by the
geometrical capacitance of the polymer dielectric, Civs, on a generic 2D FET [6]. The
FET electrostatics is described by a quantum capacitance, Cp, and an interface trap
capacitance which accounts for deviations from ideality in the subthreshold regime. The
model reveals the partitioning of voltage drops across the diffuse layer, Vp, the Stern
layer, Vs, and the 2D channel, Vcn. The lag induced by the gate time constant opens up a
QOcepi-Ves hysteresis loop that widens for decreasing waveform periods while decreasing
the maximum charge density accumulated within the EDL. Dynamics are also revealed in
the Vcu-Ves relation, where it is interesting to note that during the backward sweep, due
to a decrement in the total gate capacitance within the subthreshold region, the voltage
gain (Ay = AVcu/AVss) exceeds unity, an indication of a sub-unity body factor. The
computed current for an nFET (W/L = 1, u, = 100 cm?/Vs) reveals that SS becomes less
than 60 mV/dec in the backward sweep becoming steeper as sweep rate is increased,
while the extent of the sub-60 region expands.

WSe; EDL FET with Steep SS. Multilayer WSe> EDL FETs were fabricated following
the process described in [7] and the same PEO:CsClO4 ionic gate was utilized. In this
transistor a side gate (SG) electrode was employed to record the Ip-Vgs transfer
characteristics. First the SG was swept from —5 to 5 V with a SR of 5 mV/s to show a
Schottky barrier FET characteristic exhibiting ambipolar transport and strong electron
conduction (/p ~4.8 pA/pum for Vsc =5V, and Vps=—0.05 V). After a hold time of 40
minutes, the backward sweep was recorded displaying a clear counterclockwise
hysteresis. The SS is more than 3x steeper in the reverse direction with a
SSumv ~48 mV/dec at low currents (Vps=—0.05 V). Similarly, for the hole branch the
delayed discharge of the hole/ C1O4~ EDL results in a SS <50 mV/dec. In summary, we
show that apparent SS less than 60 mV/dec can result simply from gate delay. In
measurement of SS, care must be taken to ensure that SS does not depend on SR or slew
direction.

[1] H. Agarwal et al., IEEE-EDL, vol. 39,
p. 1254, (2018).

[2] H. Wang et al., IEDM Tech. Dig., p. 31-
1, (2018).

[3] T. Asano et al., ACS Appl. Mater.
Interfaces, vol. 9, 5056 (2017).

[4] K. Xu et al, ACS Appl. Mater.
Interfaces, 10, 43166 (2018).

[5] M. S. Kilic et al., Phys. Rev. E, vol. 75,
p. 021503, (2007).

[6] E. G. Marin et al., IEEE-TED, vol. 65,
p. 1239, (2018).

[7] M. Asghari Heidarlou et al., 76" DRC,
p. 1-2, (2018).
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EDL Capacitor Dynamics

Cexp=2.26pF/cm’
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Fig. 1. (a) Schematic cross section of the PEO-based MIM capacitors under study. (b) Measured (blue) and fitted
(red) I-t traces of an MIM device without ions (dashed line represents the input voltage waveform). Inset: equivalent circuit
used for the modeling. (¢) Same characterization for a MIM device containing the salt CsC104. (d) Computed CEDJ -
VEDIL characteristics for different bulk salt concentrations. CEDJ, is given by the series combination of the Stern

capacitance, CS, and the diffuse layer capacitance, Cp.
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Fig. 2. (a) Equivalent circuit of a 2D EDL FET. (b) Diffuse layer, VD, Stern, Vs, and channel potential, VCH,
waveforms in response to a triangular VG input. (¢) OEDL-VGS and (d) VCH-VGS loops under different waveform
periods, and comparison with the static solution. © Voltage gain Ay = VCH /VGS as a function of VGS. Ay
implies sub-unity body factor. (f) Computed ID-VGS transfer characteristics and (g) extracted SS. SS < 60 mV/dec is

obtained in the backward direction for fast V'GS sweeps.
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Fig. 3. (a) Schematic cross section of the fabricated CVD few-layer WSe) FETs. (b) SG transfer characteristics 7p-
VSG obtained by sweeping the SG voltage from -5 to 5 V, with SR = 5 mV/dec. (¢) Same characterization in the
reverse direction. In between the two measurements the SG voltage was kept constant at 5 V for 40 min, resulting in a
strengthening of the electron branch. (d) Comparison of SS vs Ip for the forward and backward sweep directions. SSAZIN

~ 48mV/dec is measured for Vg = -0.05 V in the backward sweep.

113



APPENDIX B:
ELECTRICAL PROPERTIES OF SPIN-COATED POLYETHYLENE OXIDE

CAPACITORS AS THIN AS 8 NM

Abstract of work presented at the 2020 Electronic Materials Conference
Symposium: Organic Materials, Thin Films and Devices

Karla A. Gonzélez-Serrano and Alan C. Seabaugh
University of Notre Dame, Notre Dame, IN 46556, USA

Polyethylene oxide (PEO) containing an alkali perchlorate has been widely used
to electrolytically gate thin film and two-dimensional semiconductors [1-3]. Considering
the use of this material at the limits of device scaling, we report the properties of
metal/PEO/Si (MPS) capacitors at the limits of thickness scaling as obtained by spin
coating in an Ar ambient. Thicknesses were measured by ellipsometry, accumulation
capacitance measurements, and transmission electron microscopy (TEM) with a thickness
of ~8 nm observed by TEM.

In an argon glovebox (99.999% Ar, H,O <0.1 ppm, O, <0.1 ppm), PEO
(Mw=110,000 g/mol, Polymer Standards Service) was dissolved in acetonitrile at room
temperature to form a 1% wt. solution. CsCl04 was added in an ether oxygen to Cs* ratio
of 76:1. In the glovebox, pure-PEO or PEO:CsClO4 was coated on 3.5 X 3.5 ¢cm? Si
wafers (n—type: Antimony, (100), 0.01-0.02 Q—cm; p—type: Boron, 0.01-0.02 Q—cm) that
were MOS cleaned and HF dipped (50:1 DI:HF, 5 s) in a cleanroom, followed by transfer
into the glovebox within ~5 min. Wafers were spun at a spin speed of either 2, 4, 6, 8, or
10 krpm for 30 s, then baked at 50 °C for 10 minutes to evaporate the solvent. Finally,
capacitor top—electrodes labeled gate were formed by shadow mask evaporation (1 nm Ti
/ 180 nm Pd, diameters 20, 45, and 63 pum) by electron—beam evaporation. When not
under test in an N> ambient, the capacitors were stored in an Ar glovebox to minimize
water absorption. Variable angle spectroscopic ellipsometry (VASE, J. A. Woollam Co.,
Inc.) measurements in air and at room temperature were first used to fit the frequency
(1/2) dependence of PEO’s index of refraction » using a Cauchy formula, n(l) = 4 +
B/A? (fitting parameters: A, B). This was then used to determine thickness of PEO on Si
vs. spins speed. Thickness was also measured from accumulation capacitance
measurements and the thinnest PEO capacitor corresponding to the 8 krpm spin speed
was also measured by transmission electron microscopy. The electrical and TEM
measurements were in agreement, but the ellipsometric thicknesses were larger by
approximately 3x.
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The frequency dependence of the impedance (Z—f) was measured in capacitors of
various thicknesses biased in accumulation (with the gate at V¢ = 2 V). The impedance
magnitude was well behaved, decreasing inversely with frequency while the phase
remained around -90°, as expected for a simple capacitor. This ideal frequency
dependence was also observed for bias conditions spanning the range of voltage used in
subsequent C-J measurements. Pure—PEO capacitors were simulated in BandProf (W.R.
Frensley, UT Dallas) to obtain band diagrams and expected C—V characteristics. The
modeled device had an n-Si substrate (Np = 1x10'® cm™), thickness tpro = 7.4 nm,
dielectric constant epro = 1.5, band gap = 4.5 eV [4], with metal/PEO Schottky barrier of
2.2 eV, and PEO/Si AEc of 1.2 eV. The predicted C-V was compared with
measurements, showing basic agreement with accumulation capacitance and minimum
capacitance, but deviating from simulation in the depletion capacitance transition. The
accumulation capacitance and the inverse thickness at various spin speeds were then used
to extract the dielectric constant of PEO, gpro ~ 1.6 £ 0.1, which is consistent with a prior
report for thick PEO films, ~0.25-0.40 mm [5].

PEO:CsClO4 on p™—Si was ~8 nm thicker than pure—PEO when measured by
ellipsometry before gate evaporation. Z—f showed that capacitors with CsClO4 had a
lower impedance magnitude than pure PEO and a less ideal phase between —50° and —
80°. However, the accumulation capacitance at —1.6 V was only ~10% lower.

[1] D. K. Efetov and P. Kim, Phys. Rev. Lett. 105, p. 256805 (2010). [2] K.
Ueno, H. Shimotani, H. Yuan, J. Ye, M. Kawasaki, and Y. Iwasa, J. Phys. Soc. Jpn. 83,
p. 032001 (2014). [3] C. Alessandri, S. Fathipour, H. Li, I. Kwak, A. Kummel, M.
Remskar, and A. C. Seabaugh, [EEE Trans. Electron Dev. 64, pp. 5217-5222 (2017).
[4] V. M. Mohan, V. Raja, P. B. Bhargav, A. K. Sharma, and V. V. R. N. Rao, J. Polymer
Research 14, pp. 283-290 (2007). [5] N. H. A. Nasir, C. H. Chan, H.-W. Kammer, L. H.
Sim, and M. Z. A. Yahya, Macromolecular Symposia 290, pp. 46-55 (2010).
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Electrical Properties of Spin-Coated Polyethylene Oxide Capacitors as Thin as 8 nm
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Fig. 1(a) Metal/polyethylene oxide (PEO)/Si (MPS) capacitors formed by shadow evaporation. The spin coated PEO has a molecular weight of
110 kg/mole. (b) Energy band diagram of an MPS capacitor simulated in BandProf (W.R. Frensley, UT Dallas) and biased at flatband. The modeled
device: n-Si substrate: Np = 1x10'8 cm3, thickness fpz0 = 7.4 nm, dielectric constant £pzo = 1.5, band gap = 4.5 eV, with metal/PEO Schottky barrier of
2.2 eV, and AE¢ PEO/Si of 1.2 eV. (c) TEM of an MPS capacitor with an ultrathin layer of ~7.4 nm, PEO thickness vs. spin speed measured by
ellipsometry (at three positions per wafer), before depositing the gate electrodes by e-beam evaporation. Ellipsometric vs. electrical thickness extracted
from TEM (red) and capacitance-voltage (C-V) measurements (green). Electrical thickness from accumulation capacitance and TEM agree; ellipsometric
thicknesses are greater by ~3x.

0 2 4 6 8 10 0 10 20 30 40
Spin speed [krpm] toeo.c.y[nml
(c)

0.25  pe— , T }.
€105
= - | Epro~16£01 '8 |
= . /
Y |+ ‘y i)
N go1s ;:,/
[
4 : & B 4
]500 llll' T T lllll| T T TTITaT 0 0'1 /I‘ f[Hf]
= 70 Py * 10
Y 0.05 = e 105 [
-110 ol Lol L1 ||||ﬁl ’ = 10°
& | 1 | | I
104 10° 10° -1 0 1 20 005 01 0.15
f[Hz] Vg V] tpgo [1/nm]

(@) (b) (c)
Fig. 2(a) Frequency dependence of the impedance (Z—f) of MPS capacitors with different PEO thicknesses, biased in accumulation at Vg = 2 V.
Measurements (markers) are compared to an ideal capacitor’s |Z| (lines) of thickness tpzo and dielectric constant epgo = 1.5. (b) Simulated (lines) and
measured (markers) C—F of MPS capacitors vs. PEO thicknesses. (c) Capacitance vs. inverse PEO thickness, extracted from TEM and C-V
measurements, taken at 10k, 100k, and 1MHz. The dielectric constant of PEO, &p, = 1.6 = 0.1, was extracted using a linear fit of the accumulation
capacitance per area (at 2 V) and the inverse PEO thickness.
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Fig. 4 (a) PEO thickness vs. spin speed with (red) and without (blue) CsClO4, measured by ellipsometry before gate deposition. (b-¢) Z-f of capacitors
without (b) and with (¢) CsClOy biased in the range —0.6 to —1 V. (d) C—V of capacitors with PEO with (green) and without (blue) CsClO4spun at 2 krpm.
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The impedance—frequency and capacitance—voltage characteristics of metal/poly-
ethylene oxide (PEO)/Si (MOS) capacitors at thicknesses relevant to transistor
technology are measured with and without CsClO,. Basic understanding of the
impedance frequency and voltage characteristics of this MOS system is established
in spin-coated films in the thickness range from 6 nm to 19 nm, as determined from
capacitance measurements and transmission electron microscopy. Estimates of the
dielectric constant, energy band diagram, charge trap density, and conductivity in
ultrathin PEO are obtained. Simple equivalent circuits based on resistive and
capacitive elements that reflect the physical system are used to model the measured
impedance frequency trends and compare films with and without CsClO, in the
polymer matrix. This study reveals the electrical properties of PEO near the limits
of thickness scaling, toward memory and neuromorphic device applications.
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INTRODUCTION

In the early days of metal oxide semiconductor
field-effect transistor (MOSFET) development, ions
such as Na and K were extensively characterized to
understand their source and eliminate them from
Si0, gate oxides.! Mobile ions in MOSFET oxides
introduce hysteresis in the threshold voltage, which
is an effect generally to be minimized. However,
with recent interest in analog memory for weight
storage in neural networks and synapse formation
in neuromorphic computing, the hysteretic proper-
ties of oxides are inspiring applications.”

Polyethylene oxide (PEO) containing an alkali
perchlorate has been widely used to electrolytically
gate thin film and two-dimensional semiconduc-
tors.”® It is common for the thicknesses in these
studies to be in the range of 0.2—-1 um, well beyond
the thickness scales of VLSI (very large-scale inte-
gration) electronics. In this paper, we investigate
the properties of spin-coated PEO in the thickness
range of 6-19 nm. We fabricate MOS capacitors and
perform impedance spectroscopy to provide data in
a form common to the characterization of solid-state
oxides. By comparing PEO with and without the
ionic salt CsClOy4, we are able to understand the
effect of the salt on the capacitor electrical proper-
ties and show that the solid polymer PEO in
ultrathin MOS capacitors has low leakage and
remarkably ideal impedance—frequency behavior.
This is then compared with PEO MOS capacitors
containing the salt CsClO4, which shows that the
effects of the ionic content in these ultrathin films
are remarkably consistent with prior reports on
much thicker films.

EXPERIMENTAL

PEO was prepared by spin coating films with and
without CsClO4. Conventional Si surface prepara-
tion steps were used prior to spin coating, including
an RCA-clean and buffered-HF dip. This was fol-
lowed immediately by transfer into an Ar glovebox
for spin coating to minimize exposure of the PEO to
water vapor and Oy. An MBraun glovebox was used
to maintain Oy content below 0.1 ppm. The PEO
was obtained from Polymer Standards Service (PSS-
peollOk). Solutions of PEO with and without
CsClO4 were prepared using methods previously
described.® CsClO, is a product of Sigma Aldrich
with purity 99.995%, and the mole fraction used
was 0.013. Spin coating was applied to
3.5 x 3.5 cm? Si (100) substrates with a resistivity
of 0.01-0.02 Q-cm, and for two carrier types: n-type,
Sb, and p-type, B. PEO without CsClO4 was spun on
n-Si wafers at 2 krpm, 4 krpm, 6 krpm, 8 krpm, or
10 krpm. PEO either with or without CsClO4 was
spin coated on p-Si wafers at 2 krpm, 4 krpm, 6
krpm, or 8 krpm. Each wafer was spun for 30 s,
followed by a hot-plate bake at 50°C for 10 min in
the Ar glovebox to evaporate the solvent. Top-
electrodes were formed by electron-beam
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evaporation through a shadow mask; the deposition
consisted of a 1 nm Ti adhesion layer followed by
180 nm Pd top electrode. Capacitor diameters of 20
um, 45 um, and 63 um were used to provide
normalized area steps of 1 x, 5 x, and 10 x .
When not under test in an Ny ambient, the capac-
itors were stored in the Ar glovebox to minimize
water absorption.

Electrical measurements were made in a Cascade
Summit 11000 probe station at room temperature in
the dark and in flowing Ny. A Keithley 4200A
semiconductor characterization system was used to
measure impedance Z, parallel capacitance, Cp, and
conductance, Gp, versus the top gate electrode
voltage, Vg and frequency, f. For Z, Cp, and Gp
versus [ measurements, the gate voltage was
applied with a superimposed sinusoid of 30 mV
rms. The time over which frequency sweeps (1 kHz
to 2 MHz) were taken was 284 s; this is relevant to
the electrode polarization/charging state. For C, G-
V measurements, V; was swept from most negative
towards positive values in steps of 0.1V and at
10 mV/s unless otherwise noted. A 10-s hold was
applied at the first measurement voltage before the
start of data acquisition.

Transmission electron microscope (TEM) measure-
ments of a Pd/Ti/PEO/n-Si capacitor were made in an
FEI Titan 80-300 in bright-field mode to establish the
physical thickness of spin-coated PEO. Focused ion
beam milling (FEI Helios G4 Ux DualBeam) was used
to prepare the TEM specimens, after an in situ
deposition of a protective Ir/Pt cap. The average PEO
thickness of the 8-krpm-coated wafer was deter-
mined over a lateral length of 932 nm (82 points) to
obtain the physical thickness of 7.4 nm. Accumula-
tion capacitance measurements were then calibrated
to this thickness using a dielectric constant of 1.5. For
the remainder of the sample set, capacitance mea-
surements were used to determine the thickness with
the same dielectric constant.

RESULTS AND DISCUSSION

Shown in Fig. 1a is the TEM cross section of a
PEO film spun at 8 krpm, showing a thickness of
74 + 14 nm. The PEO/Si interface is notably
sharp, with most of the thickness variation arising
from the upper PEO/metal interface. The measured
frequency dependence of the impedance magnitude
and phase are shown in Fig. 1b and c for five
different PEO thicknesses. The impedance is well
described by a simple capacitance, decreasing
inversely with frequency, with a phase of approxi-
mately — 90°. This ideal capacitance behavior is
observed over more than two orders of magnitude.
The measurement in Fig. 1 was made for an accu-
mulation bias of 2 V; however, this ideal capacitive
behavior is maintained for all bias conditions span-
ning the full range of voltages used in the C-V
measurements. The impedance was also found to
scale linearly with capacitor area, as expected.



Electrical Properties of 6 nm to 19 nm Thick Polyethylene Oxide Capacitors for Ion/Electron

Functional Devices

; E
Sqof TE _
1075 R : s N
hag NG j 5 .
= m“a\ : 0 Bt
=408 0246 810
N > Spin speed [krpm[i
10° S
4 &
10 PR IRt | MR IR | PEEEEIETTY B |
(C)_30E S ——
605 &
= “— O .4
Q;»QOE
120
450 E— 1 vl PR | TR |

4

10° 108

f[Hz]

Fig. 1. (a) TEM image of a Pd/Ti/PEO/n-Si capacitor using PEO
spun at 8 krpm, resulting in an ~ 7.4 nm film. (b) Frequency
dependence of the impedance magnitude and (c) phase of 63 um
diameter MOS capacitors of different PEO thicknesses, biased in
accumulation at Vg = 2 V. The dotted black line shows the excellent
agreement of the measurements (markers) to an ideal capacitor’s |21
with thickness g0 of 8 nm. Colored solid lines represent model fits
to the measurements using a parallel-RC equivalent circuit. The inset
shows PEO thickness versus spin speed extracted from the
accumulation capacitances with ¢pgo = 1.5 (Color figure online).
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Using the measured physical thickness of 7.4 nm,
the capacitor area, and the measured accumulation
capacitance at 1 MHz, a relative dielectric constant,
epeo = 1.5, was obtained. This value is somewhat
lower than reported by Nasir et al.'%, epgo ~ 2.3,
and measured on thick PEO films (600,000 g/mol;
thickness, ~ 250-400 ym) between mm-diameter
stainless steel electrodes. Using 1.5 for the dielectric
constant, measured thicknesses versus spin speed
were computed from accumulation capacitance
measurements and plotted in the inset of Fig. 1b,
with error bars given by geometrical uncertainties.

Given the ideal MOS Z-f dependence, we can
accurately account for the frequency dependence by
a parallel capacitance, Cp, and conductance, Gp.
From the conductance, the conductivity, ¢ =
Gptpeo/A, can be obtained, where A is the area.
The resulting semi-logarithmic Cp—f and log—log o—f
plots are shown in Fig. 2a and b. As expected for a
geometrical capacitor, the measured capacitances
are substantially independent of frequency, with a
slight increase observed below 3 kHz, which will be
discussed later. The capacitance density with elec-
trode areas measured by optical microscopy
increases inversely with film thickness, again as
expected.
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Fig. 2. Frequency dependence of the parallel (a) capacitance and
(b) conductivity of 63 um MOS capacitors with different PEO
thicknesses biased in accumulation at Vg = 2 V. Dotted lines mark
a region of dc conductivity. Solid lines represent model fits to the
measurements (markers) from 5 k to 2 MHz, using the equivalent
circuit in the inset of (b).
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The log-log o—f plot in Fig. 2b shows a plateau at
low frequencies, indicated by dotted lines. This
frequency-independent dc conductivity, o4, has
been previously observed'! in thicker PEO films.
The plateau is followed by a region in which the
conductivity increases directly in proportion to
frequency spanning more than two decades. Such
a frequency dependence of the conductivity is a
property of many heterogeneous systems such as
noncrystalline materials, including PEO.'%'® In
parallel conductance measurements when the impe-
dance phase is close to — 90°, the measured real
part of the complex impedance is much smaller than
the imaginary part. The conductance of the ultra-
thin PEO capacitors exhibits a variability which is
associated with the low signal level of the real
impedance component. This is true here and in
measurements to follow.

The simple capacitor behavior of |Z1, 0z, and Cp,
along with the linear frequency dependence of ¢ for
f 2 ~ 5 kHz can be modeled by a parallel RC, where
C is a geometric MOS capacitance and R is a
resistive element that has a linear frequency depen-
dence, with the equivalent circuit shown in the inset
in Fig. 2b. The solid lines in Figs. 1 and 2 show how
closely this model represents the measured behavior
(shown in markers) of Pd/TV/PEO/n-Si MOS
capacitors.

The measured C-V characteristics versus PEO
thickness are shown in Fig. 3 and compared with
simulated characteristics of an ideal MOS capacitor.
The simulated C-V characteristic, Fig. 3a, is
obtained using the heterostructure Poisson solver
BandProf.’* For the purposes of the simulation, a
plausible band diagram is proposed using a PEO
band gap from optical absorption measurements of
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Fig. 3. (a) Energy band diagram of a Pd/PEO/n-Si capacitor biased at flatband and simulated using the heterojunction Poisson-solver BandProf
[14]. (b) Capacitance density versus voltage in Pd/Ti/PEO/n-Si MOS capacitors versus thickness. Markers indicate measurements made at
1 MHz while biasing from depletion at — 1 V towards accumulation at 2 V. The solid lines are the simulations. (c) Accumulation capacitance
density (at 2 V) versus inverse PEO thickness, extracted from TEM and C-V measurements at 1 kHz (open circles) and 2 k, 10 k, 100 k, and
1 MHz (filled colored circles). Dashed lines show the linear fit, C = (¢otpeo)/treo, Used to extract epeo. (d) Dielectric constant of PEO versus

frequency (Color figure online).

4.5 eV.' The n-Si substrate has a doping of Np =
1 x 10*® cm™ and our measured value of epro =
1.5 is used. The metal/PEO barrier is placed near

midgap, 2.2 eV, and a PEO/Si conduction band

offset, AEc, of 1.2 eV leads to a flatband voltage of
approximately 1 V. This band diagram is consistent
with the C-V measurements, Fig. 3b.

The simulated characteristics generally agree
with the accumulation capacitance and minimum
capacitance, but the transition to the minimum
capacitance happens over a lower voltage span than
the simulation predicts. This may arise from resid-
ual background ion conductivity in the films. PEO is
known to absorb moisture, which raises its ionic
conductivity.'® Ionic polarization of the PEO sur-
faces can be expected to alter the capacitance
transitions.

The accumulation capacitance density is plotted
versus inverse PEO thickness in Fig. 3c. The linear
relation and low frequency dispersion suggests a
nearly ideal capacitive behavior across the various
PEO thicknesses. The linear fit (dashed lines) of the
measurements (markers) was used to extract the
dielectric constant of PEO, which as Fig. 3d shows,
has a weak dependence on frequency across most of
the frequency range, with epgo of 1.9 at 2 kHz and
1.5 at 1 MHz.

The detailed dependence of the capacitance and
conductance characteristics versus slew rate of the
gate voltage (using double sweeps) is shown in
Fig. 4 for MOS capacitors spun at 4 krpm
(tpgo ~ 11.4 nm). The white noise reduction factor
in the Keithley 4200A, i.e. filter factor, was varied
from 1 to 100, and used to increment the measure-
ment slew rate between 580 mV/s and 10 mV/s. For
the PEO MOS capacitor on n-Si, the flatband
voltage is approximately 1 V, and as bias increases
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Fig. 4. Measured double-sweep slew-rate dependence of a Pd/Ti/
PEO/n-Si MOS capacitor spun at 4 krpm (teo ~ 11.4 nm) with a
diameter of 63 um. (a) Parallel capacitance, Cp, and density of
trapped charge, Ny, versus voltage, and (b) parallel conductance,
Gp, versus voltage. Forward and backward sweeps are indicated in
dashed and solid lines, respectively.

electrons accumulate on the Si surface. The hys-
teresis observed in the capacitance as the voltage is
ramped from — 1 V to 2 V and back corresponds to a
bias which ranges from depletion to accumulation,
Fig. 4a. Hysteresis in the characteristics in the
voltage range above zero can be associated with
charge trapping at or near the PEO/n-Si interface
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and reaching a maxima near the flatband voltage,
1V.

From the voltage shift in the double sweep
measurement at fixed capacitance, the density of
charge trapped at the PEO/r-Si interface can be
estimated. In this portion of the C-V characteristic,
the bias ranges from just below flatband to accu-
mulation, so that electron traps in this region are
likely located energetically near the conduction
band edge. The charge responsible for the hysteresis
AV at a particular C is AQ = CAVg, and from AQ
the density of mobile charge can be estimated as
N1=AQ/qA, where q is the electron charge. This
charge density, N, is plotted versus bias and slew
rate in the lower right portion of Fig. 4a. Contribu-
tions to this hysteresis likely come from electronic
traps, but mobile ions in the PEO cannot be ruled
out. If the main contribution is electronic, the trap
states are located near the Si conduction band edge.
For the lowest slew rate, 10 mV/s, the peak in the
mobile charge density occurs at voltages corre-
sponding to accumulation biases. These traps are
likely at the Si surface or in the surface border
region of the PEO. The slew rate dependence can be
explained if the traps have a higher capture rate
than emission rate. High slew rates produce the
greatest magnitude of accumulated fixed charge.
The slower sweep rates allow the traps to fill and
empty along with the bias, so that the voltage
differences in the double sweep measurement are
reduced. The highest accumulated charge is found
to be 2.6 x 10'Y/cm?.

Considering the G-V measurement of Fig. 4b, two
conductance peaks are observed and the slower slew
rates shift the conductance peaks toward smaller
gate voltages. The conductance peaks measured at
10 mV/s are centered around — 0.5 V and 0.8 V. The
upper peak at around 0.8 eV corresponds to a bias
near accumulation bias and is likely due to state
filling near the conduction band edge of Si. The peak
at around — 0.5 V is still in the upper half of the Si
band gap, as band diagram simulations indicate the
valence band is not reached until a voltage of nearly
— 4 V. The energetic position of the conductance
peak near the conduction band edge suggests the
presence of shallow donor traps.

The impedance—frequency characteristics of PEO
capacitors with and without CsClO4 are compared
in Fig. 5, here using p-Si substrates. Open and filled
markers indicate the measurements of PEO and
PEO:CsClO4 capacitors, respectively, biased in
accumulation. As was observed in the n-Si sub-
strates, the capacitors without CsClO, exhibit an
essentially ideal characteristic, with inverse fre-
quency dependence and — 90° phase shift. With the
added salt, the impedance magnitude decreases due
to the increase in ionic conductivity. In contrast to
prior published studies'®!® on thick PEO capacitors,
the measurements here show an impedance which
is more capacitive than conductive. Where the
phase reaches 45°% the real and imaginary parts of
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the impedance become equal. This again is a
consequence of the reduced impedance of the
PEO:CsClO4 due to the ionic conductivity of the
film.

The PEO and PEO:CsClO4 capacitor data is
modeled using the simple equivalent circuits shown
in the insets of Fig. 5a and parameters given in (c—
f). The resulting model fits are shown in Fig. 5a and
b in solid and dashed lines for films without and
with CsClOy, respectively. Here our aim is to see to
what extent the simplest lumped element model can
capture the responses which relate to ion transport
and the electrode polarization. For PEO capacitors
without CsClO4 on n and p-Si, the essential physics
is captured by a parallel RC circuit, where the
capacitive element is the geometric capacitance and
the resistive element is a frequency-dependent
resistor, Ry/f.

The PEO:CsClOy capacitors can be modeled by an
equivalent circuit with three RC loops in series
(inset of Fig. 5a). One loop, consisting of capacitance
Cg in parallel with resistance Rp, represents the
charge transport in the bulk of the PEO film.'® The
second and third RC loops represent the polariza-
tion at the metal and Si electrodes with the
capacitor, Cgpj, representing an electric double
layer (EDL) capacitance. This capacitance is
shunted by a conductance that represents charge
transfer between the PEO film and the electrodes
due to ionic and/or electronic processes. This resis-
tance R has previously been referred to as a charge
transfer resistance at the solid electrolyte’s inter-
face with partially blocking electrodes, and it pro-
duces a plateau in the modeled conductivity at low
frequencies.'® The measurements reported here are
for biases sufficiently low that the measurements
are reversible and repeatable.

The expected bulk resistance, Rg, and capaci-
tance, Cp, of PEO:CsClO4 capacitors are marked by
circles in Fig. 5¢ and d, respectively. The antici-
pated bulk capacitance and resistance were calcu-
lated as Cg = goeproA/tux and Rp = ptpuk/A,
considering epgo = 1.5, the resistivity of ~ 1 um
thick PEO:CsClOy, p ~ 5.67 x 10 Q-cm,'” and the
thickness of the bulk, ¢gux = tpeo — 2tgp. The EDL
thickness ¢gpy, is estimated from the average EDL
capacitance at the PEO/electrode interface,
CgpL = eo¢ppoA/tepL, obtained from the circuit
parameter Cg = Cgp,/2. The expected Ry and Cp
are within the same order of magnitude as the
values obtained from the circuit model fits of
PEO:CsCl04. For both PEO and PEO:CsCl0,4 capac-
itors, Ry drops and the Cg increases with decreasing
film thickness as can be expected. Capacitors with
CsClO4 have a higher Cg, since the added presence
of the EDL capacitors at the electrode/PEO inter-
faces reduces the bulk thickness compared to PEO
films without CsClOy4.

The EDL capacitance densitzy
model fit, 2Cg/A is ~ 1 uF/cm
ered small for an EDL

estimated from the
and may be consid-
capacitance; prior
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Fig. 5. Impedance-frequency dependence comparing Pd/Ti/PEO:CsClO,/p-Si and Pd/Ti/PEO/p-Si MOS capacitors. (a) Impedance magnitude,
12, and (b) phase, 0, versus frequency. The measurements of PEO and PEO:CsCIO, capacitors are indicated with open and filled markers,
respectively. The capacitors were biased in the range — 0.6 to — 1 V corresponding to accumulation biases. Solid and dashed lines represent
RC model fits to the PEO and PEO:CsCIO, capacitor data, respectively, using the equivalent circuits shown in the insets of (a) and parameters
given in (c-f), with the geometrical capacitances computed from the physical geometry with ¢peo = 1.5. The boxed inset in (a) shows the
electrical thickness versus spin speed of PEO without (blue circle) and with (red left pointing triangle) CsClO,. (c) Bulk resistance Rg; inset shows
the R, parameter of the frequency-dependent resistance. (d) Geometric capacitance Cg and bulk capacitance Cg for PEO (white bars) and
PEO:CsCIO4 (colored bars). (e) Resistance R and (f) capacitance Cg = Cepi1Cepr2/(CepLt + CepL2) at the electrodes. Circles in (c) mark the
expected Rg extrapolated from thick PEO:CsCIO; (fpeo ~ 1 um) discussed in prior work.'” Circles in (d) indicate the Cg expected from the same
bulk thickness used in the extrapolation of Rg. The left and right axes have the same resistance and capacitance scales (Color figure online).

measurements in this solid polymer electrolyte | R—
yielded 4 uF/cm®'? The lower Cgpy, in these ultra- (@) ¥ PEOCSCIO,
thin PEO:CsClO,4 capacitors is likely due to the 0.5

roughness of the Pd/TiY/PEO top electrode, see :

Fig. 1a, in contrast with the flatter PEO/Si bottom ‘\E ol
electrode. The resulting difference in the space- c o
charge separation at the top and bottom electrodes =2

S

can lead to different EDL capacitances at each
electrode, Cgpr1 and Cgprs. These two capacitances
in series form the capacitor Cg in the inset of
Fig. 5a. If at the ﬂatter PEO/Si electrode Cgpy,; is

o
N

r ol ra ol

o e WE Ty BT
the expected 4 uF/cm?, while at the rougher Pd/T¥/ (b)‘o- AL LR R R L] B S F
PEO electrode Cgpys is slightly lower, say 1.3 uF/ T 14 N ;. <4 PEO:CsCIO, J
cm the total capacitance density Cg would be 1 KE/ W SE ¥ 43335y iy E
cm?. Thus, the lower than expected Cgpy, may arise 0 } © cococm o 00o0coxp § §8dccamy 3
from non-uniformities in the top-electrode. 10° 10 10° 108
Again, the Z—f data of PEO and PEO:CsClO4 f[Hz]

capacitors is used to calculate the parallel capaci- Fig. 6. Measured frequency dependence comparing Pd/Ti/
tance density, Cp, from which the effective dielectric PEO:CsCIO,/p-Si and Pd/Ti/PEO/p-Si MOS capacitors: (a) parallel
constant, ¢, can be extracted, Fig. 6. Measurements capacitance, Cp, and (b) dielectric constant, &, of 63 um MOS
are indicated with markers, while the RC models capacitors of various PEO thicknesses biased between — 0.6 V and
are indicated with solid and dotted lines in Fig. 6a —1V. & was extracted from a linear fit between the parallel

L . capacitance density and inverse thickness. For reference, in (a) solid
for PEO and PEO:CsClOy, respectively. As with the and dashed lines indicate the one- and two-RC loop models, for PEO

n-Si devices, the capacitance and dielectric constant and PEO:CsCIO,, respectively as shown in the insets, with
of PEO without CsClO4 on p-Si are constant across parameters plotted in Fig. 5.

more than two decades. The Cp and &, of devices
with CsClO4 are the same as in PEO devices . .
without CsClO, at high frequencies. However, at ~ With decreasing frequency, as the two-RC model
frequencies below ~ 500 kHz, Cp and ¢ increase also shows, reaching a maximum at 1kHz of
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Fig. 7. Measured frequency dependence comparing Pd/Ti/
PEO:CsCIO4/p-Si and Pd/TI/PEO/p-Si MOS capacitors:
conductivity, o, of 63 um MOS capacitors of various PEO
thicknesses biased between — 0.6 V and — 1 V. For reference, the
one- and two-RC loop model, shown in the insets with parameters
plotted in Fig. 5, are indicated in colored solid and dashed lines for
PEO and PEO:CsCIO,, respectively. Dashed and dotted black lines
indicate a linear and square-root o—f relation (Color figure online).

Cp~ 0.6 pF/em? and &, ~ 8.0 for PEO:CsClO, ver-
sus ~ 0.2 uF/cm? and 1.9 for PEO without CsClO,.

The frequency dependence of the conductivity of
PEO and PEO:CsClOy4 capacitors on p-Si wafers is
shown in Fig. 7, where measurements and circuit
model fits are indicated in colored markers and solid
or dashed lines, respectively. PEO devices without
CsClO4 have a conductivity roughly increasing
linearly with frequency above 10 kHz. There are
some variations in ¢ due to the closeness of 0z to the
ideal — 90°, as seen in Fig. 5b; that is, the measured
real component of the impedance, used to calculate
g, is very small, leading to some variability in the
calculation of the real part of the impedance. The
linear o—f trend measured in PEO without CsClOy,
shown in open markers, is reproduced by the one-
RC equivalent circuit, indicated by solid lines, due
to the presence of a frequency dependent resistor,
Ryf.

The measured conductivity of PEOQ:CsClO4 capac-
itors, shown in solid markers, is between roughly 1
to 2 orders of magnitude higher than in PEO
without CsClO4. The frequency exponent n in the
o—f" relation changes value at around 100 kHz,
below which it is relatively linear and above which o
goes roughly as the square-root of f, as shown in
black dashed and dotted lines in Fig. 7. These n
values are within the limits of 0 and 1 reported in
the literature for polymers, with various fractional
values representing different ion conduction
processes.®

The two-RC model for PEO:CsClO,4 captures the
approximate frequency in which n changes values.
Its bulk resistor, Rp, is orders of magnitude lower
than the frequency-dependent resistor, Rg/f,
describing the bulk of PEO without CsClO4. This
again shows that the addition of CsClO,4 increases
the conductivity of the PEO bulk. In these two

124

separate conductivity ranges for PEO and PEO:C-
sClO4 there may be different ion conduction mech-
anisms involved, leading to different o—f" relations,
as can be expected from the additional presence of
Cs* and ClO4 ions, rather than only PEQO’s back-
ground ions, such as OH™ and H*.

The increase in dielectric constant, Figs. 3d and
6b, and the decrease in o, Figs. 2b and 7, at low
frequencies observed in PEO and to a greater degree
in PEO:CsClO4 capacitors has been reported in bulk
PEO and other ion-conducting materials, and it is
largely attributed to incipient electrode charge
polarization effects that strengthen at even lower
frequencies.!’?° At high frequencies, the conductiv-
ity is governed by ion drift in the bulk'® of the PEO
film. With increasing frequency, the conductivity
increases approximately linearly and the dielectric
constant tends to level off. The low-frequency ¢ and
dielectric constant spectra are related to the accu-
mulation of ions at the PEO/electrode interface,
producing space-charge layers across which most of
the electric field is dropped, while the PEO bulk
experiences a much lower electric field. This causes
the dielectric constant to increase and ¢ to drop with
decreasing frequency, at least until reaching a o
plateau due to the partially, rather than fully,
blocking nature of the electrodes.'®

CONCLUSION

The impedance frequency properties of PEO and
PEO:CsCl04 have been characterized at thicknesses
from 6 nm to 19 nm, thinner than prior reports. The
properties of PEO without CsClO4 are well
described by an oxide that has a band gap of
approximately 4.5 eV, metal-PEO barrier of
2.2 eV, and PEO/Si band offset of 1.2 eV. From the
C-V hysteresis of PEO capacitors without CsClO4
and assuming its main contributions are electronic,
the trap densitX is estimated to exceed approxi-
mately 2.6 x 10'%/cm?2. The extracted static dielec-
tric constant of PEO without CsClO4 in ultrathin
films is ~ 1.6. Adding CsClO, increases the parallel
capacitance and dielectric constant for frequencies
below 500 kHz, due to the polarization of ions at the
interface of PEO with the electrodes. Adding
CsClOy also increases the conductivity of the films
across the full frequency range. Both PEO and
PEO:CsClO4 capacitors had a roughly linear fre-
quency dependence, with the latter transitioning to
a square-root conductivity—frequency dependence
at ~ 100 kHz.

Simple equivalent circuit models capture the
overall impedance versus frequency trends. For
PEO without CsClOy, a single RC loop represents
the ion transport in the bulk of the film, with the
resistor having a simple inverse-frequency depen-
dence. When CsClOy is present, the charge transfer
resistance and an electrode polarization capacitance
is sufficient to explain the measured response. The
addition of CsClO4 reduces the bulk resistance by



orders of magnitude compared to PEO without
CsClOy. Ultrathin PEO films at the decananometer
scale are shown here to be insulating and to exhibit
impedance—frequency behavior similar to thicker
films even at the micron scale. No impediments are
found to using PEO:CsClO; at scales commensurate
with VLSI technology for deep learning and neuro-
morphic applications.
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Abstract

Ferroelectric (FE) and solid polymer electrolytes (SPEs)
are being explored for memory and for a variety of
purposes in transistors. While considering the dynamics
of emerging memories, we note some interesting
implications for transistors and transistor memories. In
this paper we consider the dynamics of subthreshold
swing (SS) in transistors and show that under certain
conditions SS can be lowered due to the delay associated
with their complex impedance. We show that even a
conventional metal oxide semiconductor field-effect
transistor (MOSFETs) can exhibit a dynamic SS,
lowered by introducing a series resistance in the gate.
We show that the when the gate dielectric has a complex
response, SS can be decomposed into static and dynamic
factors with the static factor given by the usual thermal
SS and the dynamic factor related to dynamic gate
amplification. In the measurement of SS, slew rate and
slew direction can be readily utilized to reveal the SS
dependence on dynamics.

1. Introduction

FEs and SPEs have interesting similarities and
differences. Both exhibit charging dynamics controlled
by ionic polarization. In FEs the polarization switches
abruptly (but not instantaneously) between plus and
minus surface charge densities at a coercive electric field,
while in SPEs (electrically insulating, ion conducting
polymers) the polarization is continuously dependent on
electric field. Both FE and SPEs can yield high surface
charge densities (10”-10"cm?). FE polarization is
nonvolatile while SPE polarization is volatile, requiring
a refresh. The partial polarization of polycrystalline FEs
can be used for analog memory with the resolution set by
the FE grain size. In SPEs the memory resolution does
not have a domain size limitation and can reach ionic
dimensions (~1 nm?). Switching speed has been shown
to be less than 10 ns in FE hafnium zirconate (HZO, 10
nm) [1,2]. In SPEs data is lacking at comparable film
thicknesses. Molecular dynamic simulations of poly-
ethylene oxide:lithium perchloride (PEO:LiClO,) with a
film thickness of 15nm and for an applied field of
0.1 V/nm indicate the formation time of an electric
double layer (EDL) to occur in under a nanosecond [3].
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In transistor structures, FEs are being inserted to increase
current drive [4], lower subthreshold swing [5], to add
reconfigurability [6], and to make new kinds of memory
[7, 8]. In capacitor structures the partial polarization of
FE HZO has been shown to be well suited for analog
memory [9, 10]. These capacitors can be used with
transistors to read and write [11] or can be implemented
as FE tunnel junctions and read out in resistive crossbar
arrays [12, 13]. The temporal response of polycrystalline
HZO depends on the previous history of the switching
and methods for modeling this dependence have been
discussed, e.g. [14, 15].

Ionic polymers also have a wide range of applications in
both two-terminal and transistor configurations: to
enable reconfigurability [16, 17], to form Esaki tunnel
junctions [18], and for memory [19, 20]. Understanding
the dynamics is key to determining the functions and
application of these technologies [21, 22].

2. Subthreshold swing

The subthreshold swing of a FET is typically defined as
a static property, SS = dV/dlog(/p), where V is the input
voltage applied to the gate and I is the drain current. If
there is a time-dependence this can be written explicitly,
where the instantaneous slew rate is » = dV/dt.

dv/dt r

3 0 3 s (1)
dlog(1,)/dt dlog(,)/dt

Consider a circuit with a simple gate delay represented
in Fig. 1, where the resistance R represents an ionic or

VGS VD

Figure 1. Equivalent circuit of a complex dielectric in
which the voltage Vs, controlling the intrinsic transcon-
ductance of the MOSFET, is delayed with respect to the

input voltage V. The n-MOSFET is modeled using a
90 nm predictive technology model [23].



switching dissipation in the gate of a MOSFET. From
Eq. (1) and Fig. 1, it follows that

dlog(l,) dlog(1,)dV, _

dt v

L
dt  In(10)kT/q

where dlog(/p)/dVgs is the usual static SS given by
log(10)kT/q, with k being Boltzmann’s constant, T
temperature and g electron charge. The dynamic SS can
then be written

r

8§ = ;
dv,/dt
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v X 60 mV/dec at 300 K.
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The swing is seen to consist of the usual static swing
with a dynamic factor depending on the instantaneous
excitation slew rate » and the internal slew rate dVgg/dt.
When the internal slew rate exceeds the excitation slew
rate, SS can be less than 60 mV/decade. Because the
transistor gate capacitance changes from low to high as
the transistor goes from depletion to inversion, dVgs/dt
and dVs/dV depend on slew direction. Alternatively, the
dynamic factor r/(dVsg/dt) can be written as dV/dVgs
which says that SS lowering occurs when voltage
amplication is obtained at the gate terminal.

3. Time response of an ionic polymer capacitor

Measurements of the current-voltage characteristics of a
metal/SPE/metal structure are shown in Fig. 2, where the
SPE is PEO:CsClO;. In the PEO, CsClO, dissolves into
Cst+ and ClO4—. The thickness of the polymer for this
case is ~1 um and the capacitor diameter is 120 um.
Details of the fabrication and structure are given in
[21,22]. The measured current vs. time is shown in
Figs. 2(b), for pure PEO, and 2(c), for PEO:CsClOs, in
response to a triangle input waveform. The time

1nm Ti/ 180nm Pd

1nm Ti/200nm Pt

; 0’5 t(ms) 1.0
Figure 2. (a) Metal/ionic polymer/metal capacitor.
Current transients in response to a triangle input
waveform for (a) PEO and (b) PEO containing Cs+ and
ClO4— ions. These cases are accurately represented by
the circuit insets shown.

response of both capacitors can be accounted for by a
series RC circuit, where R represents the bulk ionic
resistance and C represents the EDL capacitance of the
metal/PEO interfaces. The pure PEO is least-squares
fitted to extract the RC elements and the agreement with
measurements for the fit is excellent. In the pure PEO
the ionic response is attributed to H+ and OH- from
absorbed water. In the PEO:CsClOy case, a second RC
branch is needed to account for the ionic response of the
Cs+ and ClO4— ions. These measurements confirm that a
simple gate delay can be expected with an SPE. This is
what motivates our investigation of the MOSFET with a
gate series resistance. We will show that when the RC
time constant and the measurement slew rate are close,
SS lowering results.

4. 90 nm MOSFET model

The SPICE model of a 90 nm n-MOSFET is shown in
Fig. 3. This predictive technology model [23] has an SS
of approximately 74 mV/decade. The capacitance
density at Cgs=1fFis 1.1 p.F/cmz. Gate capacitance Cgs
has Cpax/Cary of ~1.5 between inversion and depletion.
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Figure 3. (a) Transfer characteristics of a 90 nm node
MOSFET. (b) Capacitance-voltage characteristics of the
same PTM 90 nm n-MOSFET.

A resistance R=1TQ is used in the gate, so that the
voltage across the MOSFET gate, Vs, is delayed by
RCgs ~1ms, with respect to the input voltage V.
Consider the relationship shown in Fig. 4(a), between an
input triangle wave applied at ¥ and the resulting gate
voltage Vgs. For a sufficiently slow ramp, the gate
capacitance fully charges and the applied voltage ¥ and
Vs are identical. This is labeled the quasistatic case QS.
For the forward sweep FS, to 1.8 V, Vs lags the input
voltage V. When V=2V, Vgs= 1.1 V and when V starts
the reverse sweep RS, the voltage across the input is still
charging Cgs even though the input slew is negative. On
the RS in Fig. 4(a) the slope gets steeper as V decreases,



10 20
15 S—
> 7%
> /
05
0
FS ——
05 RIS
-1 ‘ 15
£ 0 1 -1 0 1 2
V(V) V(V)
(@ (b)

Figure 4. (a) Vs vs. input voltage V for a triangle wave
with a period of 10, 20, or 50 ms. This triangular wave is
the second of a 2-period sequence. (b) Dynamic factor,
dVgs ldV vs. Vgs. When the dynamic factor is greater
than one, SS is lowered as predicted by Eq. (1).

and the MOSFET transitions from inversion to depletion.
This results in a speed-up of the discharge of Cgs, which
acts to lower SS. This voltage loop is the second of two,
chosen because after one loop the results are stable.
Figure 4(b) plots the derivative dVgg/dV vs. the input
voltage ¥, which reveals the voltages over which the SS
becomes greater than. This is the region where there is a
dynamic lower of SS.

The transfer characteristics of the n-MOSFET with
R=1TQ, W=1pum, and L=90nm vs. triangle wave
period, 10, 20, and 50 ms, are shown in Fig. 5(a). For a
sufficiently slow sweep, the gate voltage follows the
input voltage and there is no hysteresis in the double
sweep triangle wave measurement. This is the black line
labeled QS. For the forward sweep of the triangle wave
(solid lines), Vs lags the input waveform ¥ and the drain
current similarly lags. The reverse sweep (dashed lines)
get steeper and steeper as the sweep period increases
from 10 to 50 ms.

SS vs. log(lp) is plotted in Fig. 5(b) for the forward
sweep (upper) and reverse sweep (lower) directions. The
QS black solid lines indicate the static SS of the
transistors. For the MOSFET the series gate resistor can
lead to a reduction in SS on the FS and a lowering of SS
on the RS. This finding of gate delay dependent SS was
reported first in [21] and shown to explain measured
sub-60-mV/dec swing observed in a WSe,; FET. These
results have been extended through measurements and
analysis in [22]. Here we show that even the MOSFET
with a gate delay can exhibit SS depending on
measurement slew rate.
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Figure 5. (a) Transfer characteristics, log(Zp) vs. input
voltage ¥, comparing the quasistatic measurement (QS)
against three triangle wave input ramps with R =1 TQ,
and slew periods, 10 to 50 ms (for RCgs= 1 ms). (b) SS
vs. log(Ip) from forward sweep FS (upper) and reverse

sweep RS (lower) transfer characteristics.

The choice of R=1TQ has no special significance in
this example. It just sets the time constant to for this
MOSFET. Lowering R by a factor x just shortens the
slew periods by the same factor to obtain the same result.

5. Discussion

The dynamics of ferroelectric switching and its effect on
SS continues to be modeled and investigated [24 and
references therein]. Saha et al. showed that subthermal
SS can arise from delay associated with the complex
impedance of a FE [25]. Recently Wang et al. presented
a study of FE FETs [26], showing that polarization
dynamics can be the origin of steep SS and that matching
of measurement conditions to the polarization switching
can be used to achieve the steepest SS. Thus FEs, SPEs,

and other emerging complex dielectrics have
fundamental similarities.

6. Summary

Ferroelectric and solid polymer electrolytes have

complex impedances. The real parts of the impedance
are represented by resistances, which account for
dissipation and introduce delay. In transistor gates this
delay leads to a dynamic multiplication of the gate
voltage for certain input slew periods. This can be seen
even in a conventional MOSFET with a series gate
resistance. The dynamic multiplication factor is given by
the ratio of the instantaneous excitation slew rate to the
internal slew rate driving the transistor transconductance.
SS can be increased or decreased as a result of this slew
dependent factor. Alterations to SS are shown to arise
naturally from delay.
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ABSTRACT

Super-resolution fluorescence microscopy techniques have enabled dramatic development in modern biology due to their capability to
discern features smaller than the diffraction limit of light. Recently, super-resolution radial fluctuations (SRRF), an analytical approach that
is capable of generating super-resolution images easily without the need for specialized hardware or photoswitchable fluorophores, has been
presented. While SRRF has only been demonstrated on fluorescence microscopes, in principle, this method can be used to generate super-
resolution images on any imaging platforms with intrinsic radial symmetric point spread functions. In this work, we show that SRRF can be
utilized to enhance the resolution and quality of transmission electron microscopy (TEM) images. By including an image registration algo-
rithm to correct for sample drift, the SRRF-TEM approach substantially enhances the resolution of TEM images of three different samples
acquired with a commercial TEM system. We quantify the resolution improvement in SRRF-TEM and evaluate how SRRF parameters affect

the resolution and quality of SRRF-TEM results.

Published under license by AIP Publishing. https://doi.org/10.1063/1.5128353

Fluorescence microscopy is essential in biomedical research as it
allows researchers to observe specifically labeled cellular structures in
their native physiological states.” However, due to the diffraction of
light, the resolution of fluorescence microscopy is limited to hundreds
of nanometers.” To discern features smaller than the diffraction limit
in living cells, super-resolution microscopy techniques, notably stimu-
lated emission depletion (STED) microscopy, ' photoactivated locali-
zation microscopy (PALM), stochastic optical reconstruction
microscopy (STORM),” structured illumination microscopy (SIM),””
and super-resolution optical fluctuation imaging (SOFI),” have been
demonstrated. Although these established super-resolution techniques
have enabled dramatic development in modern biology, their imple-
mentations often require specialized, complicated optical setups or
photoswitchable fluorophores, which are not accessible to many labs.
Recently, super-resolution radial fluctuations (SRRF) has been demon-
strated.'” Unlike the established super-resolution methods, SRRE does
not require specialized hardware (e.g., depletion, structured illumina-
tion lasers, and high-speed cameras) or photoswitchable fluorophores;
it can be implemented using almost any conventional fluorescence
microscopes, such as widefield, confocal, and total internal reflection

fluorescence (TIRF) microscopes using conventional, non-
photoswitchable fluorophores such as green fluorescent proteins
(GFPs)."” With SRRF, super-resolution live-cell imaging over time-
scales ranging from minutes to hours can be achieved.’

Whereas super-resolution techniques were initially developed to
overcome the diffraction limit of light in fluorescence microscopy, the
methodologies behind these techniques can also be used to improve
the resolution of other imaging modalities, such as transmission elec-
tron microscopy (TEM). Despite having subnanometer resolu-
tions, '’ many TEM images, especially those acquired from sensitive
materials or captured with uncorrected aberrations, tend to have weak
contrast, a low signal-to-noise ratio (SNR), and hence low resolu-
tion.'""” Similar to fluorescence microscopy, when the resolution of
TEM images becomes a limiting factor, a super-resolution approach
becomes necessary. However, it is very difficult, if not impossible, to
apply the established super-resolution microscopy techniques (STED,
PALM, STORM, SIM, SOF], etc.) in TEM, as these methods require
either specialized hardware that processes photons, not electrons, or
photoswitchable fluorophores, not atomic structures. Unlike these
methods, SRRF utilizes the intrinsic radial symmetry of the

Appl. Phys. Lett. 116, 044105 (2020); doi: 10.1063/1.5128353
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microscope point spread function (PSF) and can be implemented eas-
ily without the requirement for additional hardware or photoswitch-
able emitters. Since TEM images also have intrinsic radial symmetric
PSFs,'” it is feasible to utilize the SRRF approach to improve the reso-
lution of TEM images.

In this work, we show that SRRF, a super-resolution approach
developed for fluorescence microscopy, can be used to enhance the
resolution and quality of TEM images. Like SRRF in fluorescence
microscopy, SRRF-TEM requires a sequence of multiple TEM images
acquired from the same field of view (FOV) of the sample. However,
the repetitive imaging of the same structure in TEM results in signifi-
cant sample drift caused by thermally induced structural transforma-
tion and transition," " which should be compensated before SRRF
processing. We demonstrate that a phase correlation-based image reg-
istration algorithm can correct for the sample drift in the TEM
sequence. Three different samples were prepared and imaged using a
commercial TEM system (FEI Titan 80-300). After the SRRF-TEM
processing, substantial resolution enhancement can be observed on all
the samples. We quantify the resolution improvement in SRRF-TEM
results using Fourier ring correlation (FRC) resolutions.”” We also
evaluate how different parameters in SRRF affect the resolution and
quality of resulting SRRF-TEM images. We utilize multiple open-
source Image] (US National Institutes of Health) plug-ins for SRRF-
TEM image processing,”’ such that the SRRE-TEM approach can be
easily accessed by the existing TEM users.

An overview of the SRRF-TEM approach and a block diagram
summarizing the steps of SRRF-TEM are shown in Fig. 1, where the
image registration step corrects for thermally induced sample drift, the
spatial SRRF step enhances image resolution, and the temporal SRRF
step suppresses shot noise-induced artifacts. First, a sequence consist-
ing of multiple TEM images (N frames in total) is acquired from the
same FOV of the sample. Whereas the number of frames N is recom-
mended to be as large as possible for SRRF in fluorescence micros-
copy,'” in TEM, due to the thermal effects induced by electron beams,
it may be impossible to acquire N > 100 frames of the same FOV with-
out distorting the sample. As we demonstrate later in this work, a large
number of total frames (N> 100) are not required to generate high-
quality SRRF-TEM images. In this work, we prepared samples from
three different materials, i.e., polycrystalline gallium nitride (GaN) on
sapphire, polymer-coated carbon nanotubes (CNTs) on amorphized
quartz, and nanoparticles (NPs). The TEM cross-sectional samples
were prepared by Focus Ion Beam (FIB) using FEI Helios SEM/FIB
dual beam equipment. This included depositing a protective iridium/
platinum cap over the polymer-coated CNTs to help preserve the
structural integrity of the cross section. The samples were then imaged
with a FEI Titan 80-300 electron microscope in high-resolution TEM
(HRTEM) mode.”" To reduce thermally induced sample drift during
the repetitive TEM acquisition, (a) each sample was imaged after wait-
ing for an extended amount of time (e.g., 6 h) and (b) a short exposure
time was used for image acquisition. Consequently, the intensities and
contrast of the raw TEM images were lower than typical.

Even though care has been taken to reduce the sample drift and
the FEI Titan 80-300 has excellent stability with a total system drift
lower than 0.3 nm/min (rms),”’ notable image drift was still observed
from the raw TEM sequences. Two examples of such drift can be seen
in Fig. 2. Unlike image drift in fluorescence microscopy, which is
mostly caused by living sample movement or stage drift,”” TEM

(a) Frame 1 Frame 2 Frame N

“Jimage Registration

Spatial SRRF

']

} Tlmporal SRRF
| (D) Acquisition of muitiple TEM imagos from the same FOV_ |

Raw TEM

Registered TEM

Radiality Maps

I Correction for sample drift using image registration I

1

| catcutation of radiality maps using spatial SRRF |

SRRF-TEM

| Generation of a SRRF-TEM image using temporal sRRF |

FIG. 1. Overview of the SRRF-TEM approach. (a) A sequence consisting of N raw
TEM images is acquired (shown here are the experimental TEM images of poly-
crystalline GaN on a sapphire sample). An image registration algorithm is used to
correct for sample drift. Then, spatial and temporal SRRF algorithms are sequen-
tially utilized to generate an SRRF-TEM image for the sequence. (b) Block diagram
summarizing the steps of SRRF-TEM. Scale bar, 10 nm.

image drift is caused by long-term thermal effects on samples and
short-term ﬂuctuatlons in the accelerating voltage and the objective
lens current.'”"* Therefore, the second step of SRRE-TEM is to correct
for the drift in the raw TEM sequence using image registration algo-
rithms. Here, we employed the “Correct 3D drift” Image] plug-in to
register the TEM sequence, where pair-wise phase correlation analysis
was used to determine the translation between each TEM frame, and
the calculated offsets were then applied to the sequence.”" Figure 2
shows the raw and registered sequences pseudo-color coded with each
frame. Whereas the raw sequences are severely smeared, the image
registration algorithm corrected for the drift such that no signs of drift
can be observed in the registered sequences.

Next, the registered TEM sequence is processed using the SRRF
algorithm, which consists of two distinct steps, a spatial and a tempo-
ral processing.”'" The spatial SRRF step magnifies each raw pixel in a
TEM image into subpixels (by default, 1 raw pixel is magnified and
divided into 5 x 5 subpixels) and assigns a value termed “radiality” to
each subpixel. The radiality value at a subpixel is obtained by

Appl. Phys. Lett. 116, 044105 (2020); doi: 10.1063/1.5128353
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Raw Sequence

Registered Sequence

(a)

FIG. 2. Raw and registered experimental TEM sequences of (a) polycrystalline
GaN on sapphire and (b) polymer-coated CNTs on amorphized quartz, pseudo-
color coded to visualize the sample drift during the repeated image acquisition. The
temporal scales for each frame in the sequences are shown on the right. Scale bar,
10nm.

calculating the degree of convergence of a group of intensity gradient
vectors connecting the subpixel and a ring of nearby surrounding sub-
pixels (by default, 12 gradient vectors are considered). The ring radius
of these surrounding subpixels determines the precision of the radiality
distribution and consequently, the resolution, or the full width at half
maximum (FWHM) of the PSF, of the resulting SRRF-TEM images.
The radiality value is related to the probability of the subpixel contain-
ing an emitter: for a subpixel located at or close to the center of an
emitter, there will be a high degree of convergence of surrounding gra-
dient vectors and hence a high radiality value; for a subpixel far away
from an emitter, the degree of convergence, or the radiality, will be
low. The radiality value can also be seen as a measurement of local
radial symmetries within the image originated from the intrinsic radial
symmetry of the microscope PSF: a high radiality value means that the
gradients surrounding the subpixel have high radial symmetry. This is
the theoretical basis that the SRRF method is applicable to both fluo-
rescence microscopy and TEM images, as both images have intrinsic
radial symmetric PSFs."“ The spatial SRRF processing is applied to
each TEM image in the sequence, resulting in a sequence of the so-
called radiality maps. Note that an intensity weighting procedure,
which weights the radiality values by the raw pixel intensity, is used to
conserve the quantitative information of raw images in radiality maps.
Finally, the sequence of radiality maps is subsequently processed
by the temporal SRRF step to generate a single resolution-enhanced
SRRF-TEM image. The temporal SRRF processing analyzes the fluctu-
ations in radiality values within the sequence and extracts further
information on the true positions of the emitters using cumulant anal-
ysis. Due to the shot noise induced by the discrete nature of electrons
and the detection systems,”” some pixels in the raw images tend to
have high intensity and hence high radiality values, even though they
are not close to a true emitter; these pixels result in the grainy and

noisy appearance of individual radiality maps shown in Fig. 1. To pre-
vent these shot noise-induced artifacts from appearing in the resulting
SRRF-TEM image, the temporal SRRF step analyzes the temporal sta-
tistics of the whole radiality map sequence such that the radiality fluc-
tuations caused by noise are suppressed, while the radiality values of
true emitters are preserved and possibly enhanced using high-order
cumulant analysis (by default, first-order cumulant analysis, i.e., aver-
aging, is used). We employed the “NanoJ-SRRF” Image] plug-in to
perform both the spatial and temporal SRRF processing on the regis-
tered TEM sequence. '’

Figure 3 shows the application of SRRF-TEM processing to TEM
images of Al,O; simulated using the QSTEM simulation software.”’ A
ground truth image of a Al,O; structure (20A x 20A x 20 A) was
simulated using a high-resolution probe array (400 x 400 pixels,
0.05 A resolution), while 64 raw TEM images of the same FOV were
simulated using a low-resolution probe array (50 x 50 pixels, 0.4 A res-
olution) with shot noise added (100 counts). The QSTEM simulation
parameters were set as follows: 300 kV high voltage, —54.3 nm defo-
cus, 1.0 mm spherical aberration, 1.0 mm chromatic aberration, 300 K
temperature, 15 mrad convergence angle, 5 x 10° brightness
(Acm~2sr™!), and 1 ps dwell time. The 64 raw TEM images were
then used to generate the SRRF-TEM image shown in Fig. 3(a). As
shown in Fig. 3(b), the SRRF-TEM image substantially enhances the
resolution, contrast, and SNR of the raw TEM image. Compared to
the ground truth, the SRRF-TEM image exhibits comparable image
resolution and quality despite the lower contrast between the alumi-
num and oxygen atoms.

Figure 4 compares the raw TEM and SRRF-TEM images of crys-
talline and amorphous surfaces from three different samples. Four
sequences consisting of 85, 146, 98, and 83 raw TEM images were
used to generate the SRRF-TEM results for the GaN, CNT, and NP
samples in Fig. 4(a), respectively. We attempted to take more raw
TEM images of the same FOV in our experiments; however, it turned
out that doing so severely distorted and deformed the morphology of
the sample, so we stopped the image acquisition and included only the
undistorted frames in the SRRF-TEM analysis. As shown in Fig. 4(b),
even with a limited number of frames (N < 100), a substantial
enhancement in both image resolution and quality can be seen in
SRRF-TEM images compared to their raw TEM counterparts: the
blurry and low-contrast atomic layers and materials interfaces in the
raw TEM images become cleaner, sharper, and with stronger contrast
in the SRRF-TEM ones. Notably, the cross section of a CNT (Fig. 4,
3rd row), which can hardly be separated from its polymeric embed-
ding layer in the raw TEM image, can be clearly discerned from the
background in the SRRF-TEM one.

Ground Truth

Raw TEM SRRF-TEM

(a)

ALO, Simulation

o1y 02 03 o4
Distance (nem)

FIG. 3. Application of SRRF-TEM to simulated TEM images. (a) Ground truth
(high-resolution, noise free) and raw TEM (low resolution, shot noise added)
images of Al,0; simulated using the QSTEM simulation software. The SRRF-TEM
image was generated from 64 simulated raw TEM images. (b) Line profiles of the
normalized pixel intensity values along the yellow lines in (a). Scale bar, 0.5nm.
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FIG. 4. Application of SRRF-TEM to experimental TEM images. (a) Comparison
between raw TEM and SRRF-TEM images in four experiments acquired from three
different samples: polycrystalline GaN on sapphire, polymer-coated CNTs on
amorphized quartz, and nanoparticles (NPs). (b) Line profiles of the normalized
pixel intensity values along the yellow lines in (a). Scale bar, 5 nm.

To quantify the resolution enhancement of SRRF-TEM and eval-
uate how different parameters in the SRRF algorithm affect the results,
we utilized Fourier ring correlation (FRC), an image-resolution mea-
sure that is based on the spectral SNR of the images and can be com-
puted from the two images of the same scene (FOV), which differ only
in noise content.'”*” Specifically, the raw TEM image sequences were
evenly divided and processed into two SRRF-TEM images, which were
used as two inputs for the “FRC” Image] plug-in to calculate the FRC
resolution by locating the spatial frequency for which the FRC value
dropped below a threshold (1/7). We first evaluated the effects of spa-
tial SRRF parameters, i.e., the ring radius, on SRRF-FLIM results. The
98-frame raw TEM sequence of the CNT sample was divided into two
independent 49-frame sequences, which were processed through the
SRRE-TEM approach multiple times using different ring radii; the two
SRRF-TEM images after each processing were used to calculate the
FRC resolution. This whole process was repeated for 16 experiments
on different FOVs of the sample, and the results are summarized in
Fig. 5. A relatively consistent resolution performance can be seen for a
ring radius between 0.1 and 1.0; when the ring radius is larger than
1.0, as the radius increases, the resolution becomes worse with larger
means and standard deviations. This is consistent with the SRRF
results acquired with fluorescence microscopes, where a smaller ring
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FIG. 5. Spatial SRRF parameters affect the resolution improvement in SRRF-TEM.
(a) SRRF-TEM images generated from the same raw experimental TEM sequence
of the CNT sample but using different ring radii. (b) FRC resolution as a function of
the ring radius. Means and standard deviations are obtained from n= 16 experi-
ments. Scale bar, 10 nm.

radius generally leads to a smaller FWHM of the PSF and conse-
quently a higher resolution.'” Therefore, a ring radius between 0.1 and
1.0 is preferred for SRRF-TEM.

We used the same analysis to evaluate the effects of temporal
SRRF parameters, including the total number of frames (N) in the raw
TEM sequence and the mode of cumulant analysis, on the resolution of
SRRF-TEM results. To evaluate N, we chose the 146-frame raw TEM-
sequence of the CNT sample as it has sufficient frames to be divided
into two sub-sequences with up to 64 frames. Figures 6(a) and 6(b)
show that, as the number of frames increases, the resulting SRRF-TEM
image appears less noisy, and both the mean and standard deviation of
the FRC resolution becomes smaller. In other words, including more
frames in the raw TEM sequence improves the quality and resolution of
the SRRF-TEM result. However, as we mentioned earlier, for some
sensitive samples, it may be impossible to acquire a large number of
(eg, N> 100) raw TEM images without distorting it. Nevertheless, as
Fig. 6(b) suggests, a sequence consisting of N> 30 raw TEM frames can
already provide a decent resolution-enhancement performance in
SRRF-TEM. Finally, we divided the 146-frame CNT sequence into two
72-frame sub-sequences and evaluated the SRRF-TEM performance
with respect to different modes of cumulant analysis, including temporal
radiality maximum (TRM), temporal radiality average (TRA), temporal
radiality pairwise product mean (TRPPM), and temporal radiality auto-
cumulant (TRAC) of second, third, and fourth orders. The results are
summarized in Figs. 6(c) and 6(d), where we also included a conven-
tional average (AVG) projection of raw TEM images for comparison.
Unlike SRRF in fluorescence microscopy, where higher-order cumu-
lants (TRAC2-4) can provide higher resolution than lower-order ones
(TRA, TRM, and TRPPM),"” SRRE-TEM performs best with lower-
order cumulants, especially TRPPM and the default TRA analysis.

In conclusion, we have demonstrated that SRRF, a super-
resolution approach developed for fluorescence microscopy, can be
used to improve the resolution and quality of TEM images. Substantial
enhancement of resolution has been demonstrated for SRRF-TEM
images acquired from three different samples, where blurry and low-
contrast structural layers and interfaces become sharper and with
stronger contrast. By quantifying and evaluating the SRRF-TEM per-
formance using FRC resolutions, we have found a set of optimal
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FIG. &TemporalSRRFparameﬁersaﬁectﬂtereMuﬁonenhamermﬁinSRRF
TEM. (a) SRRF-TEM images generated from different numbers of frames within a
raw experimental TEM sequence of the CNT sample. (b) FRC resolution as a func-
tion of the number of frames included in SRRF-TEM. (c) SRRF-TEM images gener-
ated from the same raw experimental TEM sequence of the CNT sample but using
different modes of cumulant analysis. (d) Relationship between the FRC resolution
and the cumulant analysis mode used in SRRF-TEM. Means and standard devia-
tions in (b) and (d) are obtained from n = 16 experiments. Scale bar, 10 nm.

SRRF-TEM parameters (a ring radius between 0.1 and 1.0, a sequence
of more than 30 raw TEM frames, and a cumulant analysis mode of
TRA or TRPPM), which could be used as guidelines for interested
TEM users. We believe that SRRF-TEM has the potential to become a
powerful tool in materials research, and SRRF could also be used to
enhance the resolution of other imaging modalities, such as photoa-
coustic imaging, magnetic resonance imaging, and neutron imaging.

The authors thank Greg Pitner and Philip Wong (Stanford
University) for providing the CNTs imaged here. This material is
based upon the work supported by the National Science
Foundation under Grant No. CBET-1554516.
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