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Fabrication and operation of carbon nanotube (CNbBsed electronic devices called
“synapstors,” with the goal of emulating the funat of biological synapses, are reported. These
synapstors have a structure akin to field-effeadrstors, utilizing a random network of single-
wall semiconducting CNTs as its conducting chanAeklog spike signal processing with low
power consumption was demonstrated. These syndgiices are capable of carrying out logic,
learning, and memory functions, all in a singlenedat. Analog spike neuromorphic circuits,
composed of CNT synapstors and integrate-and4#®€)(circuits, are also reported. A positive
voltage spike, applied on the gate electrode gihasstor, could generate a postsynaptic current
(PSC) via the CNT channel of the device. Multiptput spikes could be applied on individual
CNT synapstors, which could be either excitatory imnibitory and be connected in a

neuromorphic circuit, inducing excitatory or intidnly PSCs, respectively. These PSCs flow



collectively to an I&F circuit, triggering outpupikes. Such neuromorphic circuits are capable
of emulating biological neural networks, enablireygllel signal processing, dynamic learning,

and memory functions with low power consumption.
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Figure 1.1. (a) A schematic of a simple biological network,0sfng one neuron (blue)
connected to another neuron (yellow) through a py®a (b) A schematic of a
neuromorphic circuit, composed of a carbon nano{@¢T) based synaptic device and
an integrate-and-fire (I1&F) circuit. In this cagbe CNT synaptic device is excitatory
(blue “+” triangle). Applying an input spike on ti@NT synaptic device will generate an
excitatory postsynaptic current (EPSC). The dyngmostsynaptic current (PSC) flows to
the I&F circuit, triggering output spikes. (c) Arsmatic of a CNT synaptic device, with
a channel composed of a random network of CNTskdraded by source (S) and drain
(D) electrodes. An aluminum oxide layer, with chataps, acts as the device’s dielectric
layer. Applying an input spike on the gate eleatrggtnerates a dynamic PSC, via the
transistor channel, which flows to the I&F circu{d) An atomic force microscope
(AFM) image of a random CNT network, comprising trensistor channel. (page 3)

Figure 1.2. A schematic showing the structure of the integeaté-fire circuit. (page 6)

Figure 1.3. A schematic showing the measurement system ofuaon®rphic circuit. Input
spikes are applied to the CNT synaptic devicesclwban be excitatory (+V source-drain
voltage) or inhibitory (-V source-drain voltage)ymamic postsynaptic currents (PSC)
are generated via the devices’ conductive chanriéie. excitatory PSCs, from the
excitatory CNT synaptic devices, and the inhibitét$Cs, from the inhibitory CNT
synaptic devices, are measured by an analog-ttatiigopnverter (ADC) and flow
collectively to an integrate-and-fire (I&F) circuiThe I&F circuit generates output
spikes, which are also measured by an ADC. (page 7)

Figure 2.1. A schematic of a CNT/In+ synapstor, with a charewhposed of a random carbon
nanotube (CNT) network, bookended by source (S)dranh (D) electrodes. Indium ions
are implanted into an aluminum oxide £8k) dielectric layer. (page 14)

Figure 2.2. (a) A single input spike is applied on an excitatGNT/In+ synapstor. The inset is a
schematic showing a neuromorphic circuit, wheréngnt spike, applied on an excitatory
CNT/In+ synapstor (“+” triangle), generates an &tory postsynaptic current (EPSC),
triggering output spikes via the integrate-and-{i&F) circuit. (b) The EPSC is plotted
versus time. (c) The series of output spikes, ggadrby the I&F circuit, is shown versus
time. (d) The firing rate of output spikes, from iddividual trials, is shown versus time.
The dashed line represents the best fit of thaqaadata. (e) A schematic showing hole
carriers (“+” circle) in the p-type CNT channel bef an input spike is applied on the
CNT/In+ synapstor. (f) A schematic showing the nmoeat of electrons (“-” circles)
from the CNT channel into the AD; dielectric layer when a positive voltage is apgplie
on the CNT/In+ synapstor. The electrons becomepadpn defects induced by the
implanted indium (In) ions (grey ovals), increasithg hole concentration in the CNT
channel increases. (g) A schematic showing the mew¢ of electrons from the AD;
dielectric layer back to their original locationsam the CNT channel after the spike. This
causes a reduction in the hole concentration irfCii& channel. (page 17)
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Figure 2.3. (a) A single input spike is applied on an excitaptGNT/In+ synapstor. The inset is a
schematic showing a neuromorphic circuit, wherénaat spike, applied on an excitatory
CNT/In+ synapstor (“+” triangle), generates an &ary postsynaptic current (EPSC),
triggering output spikes via the integrate-and-{i&F) circuit. (b) The EPSC is plotted
versus time. (¢) The series of output spikes, gdadrby the I1&F circuit, is shown versus
time. (d) The firing rate of output spikes, from iddividual trials, is shown versus time.
The dashed line represents the best fit of thagqaadata. (e) A schematic showing hole
carriers (“+” circle) in the p-type CNT channel bed an input spike is applied on the
CNT/In+ synapstor. (f) A schematic showing the nmoeat of electrons (“-” circles)
from the CNT channel into the AD; dielectric layer when a positive voltage is apgplie
on the CNT/In+ synapstor. The electrons becomeptadpn defects induced by the
implanted indium (In) ions (grey ovals), increasithg hole concentration in the CNT
channel increases. (g) A schematic showing the mewe of electrons from the AD;
dielectric layer back to their original locationsam the CNT channel after the spike. This
causes a reduction in the hole concentration IrCii& channel. (page 21)

Figure 2.4. (a) A schematic showing a pair of input spikesp#apart, applied on an excitatory
CNT/In+ synapstor. The inset is a schematic shovangeuromorphic circuit, where a
pair of input spikes, applied on an excitatory C¥/synapstor (“+” triangle), generates
an excitatory postsynaptic current (EPSC), trigggoutput spikes via the integrate-and-
fire (I1&F) circuit. (b) The EPSC is plotted verstise. (c) The series of output spikes,
generated by the I&F circuit, is shown versus tifag. The firing rate of output spikes,
from 20 individual trials, is shown versus time.eTthashed line represents the best fit of
the plotted data. (page 24)

Figure 2.5. (a) A schematic showing a pair of input spikeq) &t apart, applied separately on
two individual excitatory CNT/In+ synapstor. Thesat is a schematic showing a
neuromorphic circuit, where a pair of input spikapplied separately on two individual
excitatory CNT/In+ synapstors (“+” triangle), geatss an excitatory postsynaptic
current (EPSC), triggering output spikes via thegnate-and-fire (I&F) circuit. (b) The
combined EPSC, generated by the two excitatory GNTsynapstors, is plotted versus
time. (c) The series of output spikes, generatethby&F circuit, is shown versus time.
(d) The firing rate of output spikes, from 20 indwal trials, is shown versus time. The
dashed line represents the best fit of the plattdd. (page 27)

Figure 2.6. (a) A schematic showing a pair of input spikes8 8% apart, applied separately on
one excitatory and one inhibitory CNT/In+ synapsiidre inset is a schematic showing a
neuromorphic circuit, where a pair of input spikapplied separately on one excitatory
“+” triangle) and one inhibitory (“-” triangle) CWNIn+ synapstor, generates an
excitatory postsynaptic current (EPSC) and an it postsynaptic current (IPSC),
triggering output spikes via the integrate-and-f{i&F) circuit. (b) The combined PSC,
generated by the excitatory and inhibitory CNT/Byhapstors, is plotted versus time. (c)
The series of output spikes, generated by the Ig¢uit, is shown versus time. (d) The
firing rate of output spikes, from 20 individualals, is shown versus time. The dashed
line represents the best fit of the plotted daiagé 29)
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Figure 2.7. A schematic of a control device for the CNT/In+napstor, with a channel
composed of a random carbon nanotube (CNT) netwmw&kended by source (S) and
drain (D) electrodes. It has an aluminum oxideetiglc layer and an aluminum back
gate. (page 31)

Figure 2.8. (a) An input spike (top) is applied to an excitgt€NT/In+ synapstor, generating a
postsynaptic current (PSC) via the CNT channelywshio red. The PSC generated by an
excitatory control device for the CNT/In+ synapsteith the same input spike, is shown
in blue. (b) An input spike (top) is applied to amhibitory CNT/In+ synapstor,
generating a PSC (red) via the CNT channel. The gStrated by an inhibitory control
device for the CNT/In+ synapstor, with the sameutrgpike, is shown in blue. (page 33)

Figure 2.9. (a) A pair of input spikes (purple) are appliedamexcitatory CNT/In+ synapstor,
generating an excitatory postsynaptic current (EP3ke inset is a schematic showing a
neuromorphic circuit, where a pair of input spikapplied on an excitatory CNT/In+
synapstor (blue “+” triangle), generates an exaratpostsynaptic current (EPSC),
triggering output spikes via the integrate-and-f{l&F) circuit. E; represents the
amplitude of the EPSC generated by the CNT/In+ gstwat when the first input spike is
applied. & represents the amplitude of the EPSC generated tileesecond input spike
is applied.At represents the time interval between the two iegpihput spikes. The
paired-pulse ratio between the amplitudes of th8 &Pgenerated by the first and second
input spikes (EE;) is shown versuat. (page 35)

Figure 2.10. (a) The fitting parameter A from the best fit equation of the output spike
frequency from a pair of input spikes applied onexwitatory CNT/In+ synapstor, is
shown versus the time interval between the twoiegphput spikesAt. (b) The fitting
parameten,, from the best fit equation of the output spikegirency from a pair of input
spikes applied on an excitatory CNT/In+ synapsi®rshown versus the time interval
between the two applied input spikas, (page 37)

Figure 2.11. (a) The fitting parameter A from the best fit equation of the output spike
frequency from a pair of input spikes applied sefy on two individual excitatory
CNT/In+ synapstors, is shown versus the time itlebetween the two applied input
spikes,At. (b) The fitting parameteu,, from the best fit equation of the output spike
frequency from a pair of input spikes applied sapdy on two individual excitatory
CNT/In+ synapstors, is shown versus the time itlebetween the two applied input
spikesAt. (page 39)

Figure 3.1. A schematic of a doping modulated carbon nanof@dé&r) synapstor, composed of
an aluminum oxide (ADs3) dielectric layer and a device channel composea @ndom
carbon nanotube (CNT) network, bookended by soanckdrain electrodes. One half of
the CNT network is capped with an SU-8 polymer tayéhile the other half is capped
with a layer of A}O3z deposited by atomic layer deposition at 90 C. épé&d)



Figure 3.2. (a) The energy level diagram for the doping moehdaCNT synapstor. (b) A
schematic of a doping modulated carbon nanotubeT{GYnapstor, composed of an
aluminum oxide (AOs) dielectric layer and a device channel composed ohndom
carbon nanotube (CNT) network, bookended by soanckdrain electrodes. One half of
the CNT network is capped with an SU-8 polymer tayéhile the other half is capped
with a layer of A}O3z deposited by atomic layer deposition at 90 C. ¢pé)

Figure 3.3. (a) A single input spike is applied on an excitatdoping modulated carbon
nanotube (CNT) synapstor. (b) The EPSC, generajeth®d doping modulated CNT
synapstor, is plotted versus time. (c) The serie®uiput spikes, generated by the
integrate-and-fire (1&F) circuit, is shown versumé. (d) The firing rate of output spikes
is shown versus time. The dashed line represeatsdst fit of the plotted data. (page 49)

Figure 3.4. The source-drain currentysl of the doping modulated carbon nanotube (CNT)
synapstor is shown versus the source-drain voltdgewhich is swept from -2 Vto 2 V
to -2 V. The insets at the top show the energylldisgrams for the doping modulated
CNT synapstor are shown whegs¥ 0 V (left) and when ¥ > 0 V (right). (page 52)

Figure 3.5. (a) The source-drain currengg lof the doping modulated carbon nanotube (CNT)
synapstor is shown versus the gate voltagew\ich is swept from -5V to 5V to-5V.
The insets at the top show the energy level diagréon the doping modulated CNT
synapstor are shown when, ¥ 0 V (left) and when Yy> 0 V (right). (b) A schematic
showing the concentration of holes (“+” circles)tire CNT channel whengk 0 V. (c)
A schematic showing the concentration of holes ((irtles) in the CNT channel when
Vg>0V. (page 56)

Figure 3.6. (a) A single input spike is applied on an excitatdoping modulated carbon
nanotube (CNT) synapstor. (b) The EPSC, generajethd doping modulated CNT
synapstor, is plotted versus time. (c) The serie®uiput spikes, generated by the
integrate-and-fire (1&F) circuit, is shown versume. (d) The firing rate of output spikes
is shown versus time. The dashed line represeatsdst fit of the plotted data. (page 59)

Figure 3.7. A reading pulse, with amplitude 2.25 V and dunmatibb ms, is applied to the gate
electrode of the doping modulated carbon nanot@éT) synapstor before each -3 V or
3 V tuning pulse. This sequence was repeated 56stiifa) The series of output spikes
generated from the T&eading pulse. (b) The series of output spikeegead from the
22" reading pulse. (c) The series of output spikeegead from the 5reading pulse.
(d) The frequency of output spikes,.fis shown versus the number of applied -3 V
tuning pulses. (e) The series of output spikes geee from the ¥ reading pulse. (f)
The series of output spikes generated from theeading pulse. (g) The series of output
spikes generated from thé 4eading pulse. (h) The frequency of output spikes, is
shown versus the number of applied -3 V tuning gail§page 61)

Figure 3.8. (a) The energy level diagram for the;®% capped control device. (b) A schematic of
an aluminum oxide (AD3) capped control device for the doping modulateth@a
nanotube (CNT) synapstor, composed of agOAldielectric layer and a device channel
composed of a random carbon nanotube (CNT) netvibmikended by source and drain
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electrodes. The entire CNT network is capped wittyyar of ALO3; deposited by atomic
layer deposition at 90 C. (page 64)

Figure 3.9. (a) The energy level diagram for the SU-8 polyroapped control device. (b) A
schematic of an SU-8 polymer capped control defaceghe doping modulated carbon
nanotube (CNT) synapstor, composed of agOAldielectric layer and a device channel
composed of a random carbon nanotube (CNT) netvbmédkended by source and drain
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Figure 3.10. The source-drain currenfysl of the SU-8 polymer capped control device for the
doping modulated carbon nanotube (CNT) synapst@h®wvn versus the source-drain
voltage, s, which is swept from -2 V to 2 V to -2 V. The itsat the top show the
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0 V (left) and when s> 0 V (right). (page 67)

Figure 3.11. (a) The source-drain currends, lof the SU-8 polymer capped control device for the
doping modulated carbon nanotube (CNT) synapstshavn versus the gate voltage,
Vg, which is swept from -5 V to 5 V to -5 V. The ihs# the top shows the energy level
diagrams for the SU-8 polymer capped control dewiee shown when ¢/< 0 V (left)
and when Y > 0 V (right). (b) A schematic showing the conecatibn of holes (“+”
circles) in the CNT channel wheny¥ 0 V. (c) A schematic showing the concentration
of holes (“+” circles) in the CNT channel wheg ¥ 0 V. (page 9)

Figure 3.12. (a) A single input spike is applied on an excitgat8U-8 polymer capped control
device of the doping modulated carbon nanotube (CBynapstor. (b) The EPSC,
generated by the control device, is plotted vetsus. (c) The series of output spikes,
generated by the integrate-and-fire (I&F) circigtshown versus time. (d) The firing rate
of output spikes is shown versus time. (page 71)

Figure 3.13. A reading pulse, with amplitude 2.25 V and dunatbb ms, is applied to the gate
electrode of the SU-8 polymer capped control deticethe doping modulated carbon
nanotube (CNT) synapstor before each -3 V or 3 Mniy pulse. This sequence was
repeated 50 times. (a) The frequency of outputespik,, is shown versus the number of
applied -3 V tuning pulses. (b) The frequency ofpoiti spikes, i, is shown versus the
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(left) and when Y > 0 V (right). (b) A schematic showing the concatibn of electrons
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(“-" circles) in the CNT channel when V< 0 V. (c) A schematic showing the
concentration of electrons (“-” circles) in the CNfiannel when y> 0 V. (page 77)

Figure 3.16. (a) A single input spike is applied on an excitataluminum oxide (AlO3) capped
control device of the doping modulated carbon nalo®i{CNT) synapstor. (b) The EPSC,
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CHAPTER 1: INTRODUCTION

1.1. Neuromor phic Devices and Cir cuits

The human brain is capable of processing massiveuars of information, all while
consuming less than 100 W of power. The brain’sralenetwork is composed of billions of
neurons, each connected to up to 10,000 other neuMillisecond-long potential pulse input
signals are passed from neuron to neuron, throulbrts of synaptic connections. These input
spikes trigger dynamic analog postsynaptic curr@@&C) in the neurons, with duration from a
few milliseconds to seconds. When the resulting RBi@es the neural potential above a
threshold value, output spikes will be emitted bg heurort:* There have been many attempts
to emulate the brain’s parallel processing archite; utilizing various methods.
Supercomputers have been used to perform simutatibthe neural network, but were not able
to match the signal processing speed or the lowep@ansumption of the biological modeét?
Silicon (Si)-based circuits have been used to etmuthe neural network, but consumed
considerably more energy and were unable to beesdcap to a size comparable with the
biological modef®"#There have been numerous attempts to emulataitiotidns of neurons
and synapses through the use of various electrdeigces, such as floating gate silicon
transistors? nanoparticle organic transistdrsresistive switche¥*®* memristors**® phase
change memory, and CNT transistof&!’*®while these devices consume less power than the
supercomputers or Si-based circuits, it is stibstantially higher than that of the biological
neural network:***%?%|n recent years, CNTs have become a popular aligento Si in

nanoscale electronic devices due to their nanostadeand desirable electronic properties. CNT



transistors are the most promising amongst thdrelac devices due to their scalability, lower
power consumption, and compatibility with complertaen metal-oxide-semiconductor (CMOS)
technology.

We have developed an analog spike neuromorphicitinghich is comprised of CNT
based synaptic devices and a silicon based integrat-fire (I&F) circuit, to emulate the
biological neural network. The CNT based synapévices have a structure similar to that of a
field-effect transistor, with a random network ahgle-wall semiconducting CNTs as its
conductive channel. Applying a voltage spike on dhée electrode of the CNT based synaptic
device generates a PSC via the CNT channel. THisflé&/s to an I&F circuit, triggering output
spikes. Such neuromorphic circuits could be scafetb emulate the biological neural network,
in which neurons are connected to one another giwaynapsesHgure 1.1a and b). As
described in this dissertation, the CNT based symagevices emulate biological synapses
(Figure 1.1c), based on a random CNT networkidqure 1.1d), and silicon (Si) based I&F

circuits, analogous to axons, emulate the bioldgigaapses fairly wefl*
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Figure 1.1. (a) A schematic of a simple biological network,0sing one neuron (blue)
connected to another neuron (yellow) through a py@a(b) A schematic of a neuromorphic
circuit, composed of a carbon nanotube (CNT) basg@dptic device and an integrate-and-fire
(I&F) circuit. In this case, the CNT synaptic davis excitatory (blue “+” triangle). Applying an
input spike on the CNT synaptic device will generah excitatory postsynaptic current (EPSC).
The dynamic postsynaptic current (PSC) flows tol&fe circuit, triggering output spikes. (c) A
schematic of a CNT synaptic device, with a chamoehposed of a random network of CNTSs,
bookended by source (S) and drain (D) electrodesalAminum oxide layer, with charge traps,
acts as the device’s dielectric layer. Applyingiaput spike on the gate electrode generates a
dynamic PSC, via the transistor channel, which fidw the I&F circuit. (d) An atomic force

microscope (AFM) image of a random CNT network, posing the transistor channel.



1.2. Carbon Nanotube Field-Effect Transistor

A field-effect transistor (FET) allows for modifitan of the conductivity via a gate
electric field. This channel is comprised of a eitlelectrons (n-type) or holes (p-type) in a
semiconducting material, meaning that the curtermugh the device is due to either electrons or
holes. The channel is bookended by ohmic-contasbedce and drain electrodes, and biased at
the middle by a gate electrode. Varying the gatemi@l varies the channel conductivity.

In the case of a FET with an n-type channel, ebestiare the charge carriers. Applying a
negative voltage bias on the device’s gate eleetregels electrons away from the conductive
channel, creating a depletion region, narrowinghth through which carriers can flow. If this
depletion region becomes large enough, it can btbekpath of the charge carriers, essentially
turning off the device. Applying a positive voltagas on the device’s gate electrode increases
the electron concentration in the conductive chhnmiglening the path through which charge
carriers can flow, increasing the device currentFETs with p-type channels, holes are the
charge carriers. Applying a negative voltage biash® device’s gate electrode will increase the
hole concentration in the conductive channel, widgrthe path through which charge carriers
can flow, increasing the device current. Applyingasitive voltage bias on the device’s gate
electrode will push holes away from the conductigkannel, decreasing the carrier
concentration, narrowing the path through whichrgbaarriers can flow, decreasing the device
current, with the potential to turn the device eftirely.

The use of carbon nanotubes as the conductive ialaterFETS, instead of the bulk
silicon that is traditionally used in metal-oxidersiconductor field-effect transistor (MOSFET)

structures, has become popular due to their supelgatrical characteristics. CNT FETs have



near-ballistic transport properties, allowing fbie tfabrication of high-speed devi¢ésin our

work, a random network of single-wall semicondugt®NTs is used as the conductive channel.

1.3. Integrate-and-Fire Circuits

The integrate-and-fire (I1&F) circuit is made up afout twenty silicon (Si) transistors
and a capacitdt The circuit can be subdivided into three main eets: a capacitor, a
comparator, and a reset transistor. A schematithefl&F circuit is shown inFigure 1.2.
Postsynaptic currents (PSC) are triggered by ipplges applied on synaptic transistors and sent
to the I&F circuit. These PSCs are accumulatedhencepacitor, and potential on the capacitor
gradually increases with the charge on the capaeitibich is proportional to the integration of
the PSC against time. When the potential on thexaty is increased to a preset reference
threshold value, ¥, the output potential of the comparator is swittrem low (0 V) to high (5
V) potential. The high output potential turns om tkeset transistor, which releases the charge
stored on the capacitor and resets the output paltdxack to low potential. When this happens,
an output spike is generated, and the integraticheoPSC on the capacitor also restarts from
zero again. Two invertors, with positive feedbackl adjustable slew-rate, are included in the
comparator for setting the width and refractoryigeéiof the output spikes. The average power

consumption of the I&F circuit is ~1 pW.
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Figure 1.2. A schematic showing the structure of the intec-and-fire circuit.

1.4. M easurement Setup of the Neuromor phic Module

A custom circuit measurement setup was developeelstahe neuromorphic modules
schematic of this measurement setup is showFigure 1.3. A field programmable gate arr:
(FPGA) is used to apply input spikes on the gaextrodes ofcarbon nanotubeCNT)
synapstors. Positive sourdeain electrode voltages, 4 Were applied on excitatory CN
synapstors, inducingxcitatory postsynaptic currents (EP.. Negative sourc-drain electrode
voltages were @plied on inhibitory CNTsynapstors, inducinmhibitory postsynaptic curren
(IPSC). Thepostsynaptic currents (PS generated by the CNT synapstors flow taintegrate-
and-fire (I&F)soma circuit composed silicon (Si) transistors and a capacitdiWhen there are
multiple ONT synapstors connected together in the neuromorpbidule, the EPSCs and IPS
generated by excitatory and inhibitory Cisynapstors$low collectively to the I&F soma circui

The PSCs, induced by the input spikes applied enG@NT synapstors, were mured by



analog-to-digital converters (ADC). The total PSCamplified and integrated, with respect to
time, by a capacitor in the I&F circuit. When th&® integration reaches a preset threshold
value, an output spike is triggered and the PS€gmation starts over again from zero. The
output spike frequency increases monotonically wittreasing PSC. The input spikes and

output spikes were also measured using ADCs.

Output Spikes
Input Spikes |

| |
= ===

T TR

ADC

ADC

Figure 1.3. A schematic showing the measurement system ofuaonrphic circuit. Input
spikes are applied to the CNT synaptic devices,ciwhian be excitatory (+V source-drain
voltage) or inhibitory (-V source-drain voltage).yamic postsynaptic currents (PSC) are
generated via the devices’ conductive channels. éiogtatory PSCs, from the excitatory CNT
synaptic devices, and the inhibitory PSCs, from ihieibitory CNT synaptic devices, are
measured by an analog-to-digital converter (ADQJ #ow collectively to an integrate-and-fire

(I&F) circuit. The I&F circuit generates output Eps, which are also measured by an ADC.



1.5. Roadmap of Thesis

In the following chapters, | present two differeairbon nanotube (CNT) based synaptic
devices, called “synapstors,” with the goal of eatinlg the biological synapse. These synapstors
have a structure similar to that of a field-effaeinsistor. The device channel is comprised of a
random network of single-wall p-type semiconduct@®gTs, and the dielectric layer is made of
aluminum oxide (AlO3z), deposited by atomic layer deposition (ALD) atO2&. These
synapstors are integrated, with silicon (Si) basetégrate-and-fire (I&F) circuits, into
neuromorphic circuits in order to emulate the bgodal neural network. Chapter 2 discusses a
CNT/In+ synapstor, in which Indium (In) ions areplanted into the dielectric layer. Chapter 3
presents a doping modulated CNT synapstor, in whigl of the device channel has been
converted from p-type to n-type, creating a p-rcjiom in the CNT channel. Finally, Chapter 4

summarizes the findings.
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CHAPTER 2: CNT/IN+ SYNAPSTORS

2.1. Introduction

We report a carbon nanotube (CNT) based synapstioch can be incorporated into an
analog neuromorphic module. The CNT/In+ synapse ehasructure similar to a field-effect
transistor. The device channel is composed of damnnetwork of p-type CNTs. Indium (In)
ions are implanted into the aluminum oxide /®d) dielectric layer. Electrons move from the
CNT channel into the AD; dielectric layer when a positive voltage spike ppleed on the gate
electrode of the CNT/In+ synapstor. These electlmome trapped in the defect sites created
by the implanted In ions, and the concentratiomale carriers in the CNT channel increases.
After the spike, the electrons gradually move biactheir original locations, decreasing the hole
concentration in the CNT channel. This interactinoduces a dynamic postsynaptic current
(PSC) in the CNT channel. These CNT/In+ synapstarsbe either excitatory or inhibitory, and
can generate excitatory PSCs or inhibitory PSCspeetively. PSCs generated by CNT/In+
synapstors flow to an integrate-and-fire (I&F) aitc which generates output spikes. We analyze
the relationship between the input and output spiké the neuromorphic module. The
neuromorphic module could be scaled up to emulsebiological neural network, capable of

parallel signal processing with low power consummpti

2.2. CNT/In+ Synapstor Fabrication

A schematic of the CNT/In+ synapstor is shownHmgure 2.1. The synapstor is
fabricated on a silicon (Si) wafer with a 300-nnckhlayer of thermally grown silicon dioxide

12



(SiOy) on top. The back gate is composed of a 15-nnktlaiger of titanium (Ti) and a 100-nm-
thick layer of aluminum (Al), both deposited vieeetron beam evaporation at rates of A
and 1.0A/s, respectively. The device’s dielectric layercanprised of a 20-nm-thick layer of
aluminum oxide (AlO3), deposited by atomic layer deposition (ALD) a0€5 This layer of
Al,Ozis patterned using polyimide (PI) and AZ 5214 phestst, then etched using a solution of
4% phosphoric acid mixed with 96% deionized wabedium (In) ions are implanted into the
Al,Ozlayer by INNOVION Corporation. Once this is dond,[Ais used to deposit a layer of 5-
nm-thick ALO3 onto the sample at 250C, which is then patternededched in similar fashion.
Following the deposition of a monolayer of (3-Amumopyl)triethoxysilane (APTES) onto the
surface of the AlDs; layer, a random network of single-wall p-type ssmnducting CNTSs is
deposited onto the surface of the APTES-coateDAlia spin coating. This CNT network is
patterned, using AZ 5214 photoresist and oxygesnptaetching, to form a 15-pm-wide and 20-
pm-long transistor channel. The CNT transistor dehns connected with source and drain
electrodes, composed of a 10-nm-thick layer of fid an 80-nm-thick layer of gold (Au),
deposited via electron beam evaporation at ratés5ok/s and 1.04/s, respectively. Finally, a
2-um-thick layer of SU-8 polymer was deposited andguaed to cap the entire CNT channel

area.

13



O Indium lon

Figure 2.1. A schematic of a CNT/In+ synapstor, with a charswhposed of a random carbon
nanotube (CNT) network, bookended by source (S)drath (D) electrodes. Indium ions are

implanted into an aluminum oxide (A&)s) dielectric layer.

2.3. Device Physics

When a positive voltage spike is applied on ther@thum (Al) back gate of the CNT/In+
synapstor, electrons are attracted away from thieooananotube (CNT) channel and into the
aluminum dioxide (AIO3) dielectric layer. These electrons become trappedlly near the

defects in the Al; dielectric layer, created by the implanted indigim) ions. When this
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happens, the hole concentration in the p-type CNdnoel increases, thereby increasing the
current through the CNT channel. After the spikeeimoved, the electrons are gradually released
from the dielectric layer. As electrons return frahe ALOs; dielectric layer to their original
locations near the CNT channel, the concentrationotes in the CNT channel decreases. As
this happens, the current through the CNT chanilegradually decrease, returning to its initial
baseline value. This is what generates a dynamstspoaptic current (PSC) through the CNT
channel. When a positive source-drain electrodeagel \4s = 0.2 V, is applied to the CNT/In+
synapstor, a positive voltage spike applied on dhte electrode induces an excitatory PSC
(EPSC), and the CNT transistor functions as antaxecy synapse. When a negative source-
drain electrode voltage, ¢¥y= -0.2 V, is applied to the CNT/In+ synapstor, @sifive voltage
spike induces an inhibitory PSC (IPSC), and the CGlihsistor functions as an inhibitory
synapse.

The PSC, generated from the CNT/In+ synapstokydldoward an integrate-and-fire
(I&F) circuit. The PSC is amplified and integratedh respect to time by a capacitor in the 1&F
circuit. When the PSC is below a preset threshaldent, no output spikes are generated by the
I&F circuit. When the PSC is increased above theserr threshold current, an output spike is
triggered, and the PSC integration starts overrafyaim zera: The output spike rate increases
nonlinearly with increasing PSC. The input spik8CR and output spikes of the neuromorphic
module can be measured by analog-to-digital coak®r(ADC). The operation of a typical
excitatory CNT/In+ synapstor, inducing an EPSC loarseen ifrigure 2.2.

When multiple spikes with amplitude of 5 V and aliwn of 1 ms were applied on the
gate electrodes of multiple CNT/In+ synapstors, nemted in a neuromorphic module, the

EPSCs and IPSCs generated by sets of excitatorinhaidtory synapses flow jointly toward an
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I&F circuit in parallel. The total PSC is amplifie@hd integrated with respect to time by a
capacitor in the I&F circuit. When the total PSCbelow a preset threshold current, no output
spikes are generated by the I&F circuit. When tg@ltPSC is increased above the preset
threshold current, an output spike is triggered] #re PSC integration starts over again from
zero. The output spike rate increases nonlineatlly imcreasing PSC. The input spikes, PSC,

and output spikes of the neuromorphic module caméasured by ADC.
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Figure 2.2. (a) A single input spike is applied on an excitaptGNT/In+ synapstor. The inset is a
schematic showing a neuromorphic circuit, whereirgsut spike, applied on an excitatory
CNT/In+ synapstor (“+” triangle), generates an &dary postsynaptic current (EPSC),
triggering output spikes via the integrate-and-{i&F) circuit. (b) The EPSC is plotted versus
time. (c) The series of output spikes, generatethby&F circuit, is shown versus time. (d) The
firing rate of output spikes, from 20 individualalls, is shown versus time. The dashed line
represents the best fit of the plotted data. (ecAematic showing hole carriers (“+” circle) in
the p-type CNT channel before an input spike isliagpon the CNT/In+ synapstor. (f) A
schematic showing the movement of electrons (*t¢les) from the CNT channel into the 8k
dielectric layer when a positive voltage is appl@&ad the CNT/In+ synapstor. The electrons
become trapped in defects induced by the implamigidm (In) ions (grey ovals), increasing the
hole concentration in the CNT channel increases A(gchematic showing the movement of
electrons from the AD; dielectric layer back to their original locationear the CNT channel

after the spike. This causes a reduction in the bohcentration in the CNT channel.

2.4. Results and Discussion

A typical excitatory carbon nanotube (CNT) synapstduces an excitatory postsynaptic
current (EPSC). The operation of such a CNT/In+apgtor, operated with a source-drain
voltage, 4s= 0.2 V, is described iRigure 2.3. A single input spike, with amplitude,¥# 5 V, is
applied on the gate electrode of a CNT/In+ synap@tmure 2.3a), which generates an EPSC
(Figure 2.3b). The peak amplitude of the EPSC is ~60 nA aboeebtiseline current. After the
spike, the device current gradually decays backh® baseline current over a duration of

approximately 2.0 s. The generated EPSC flows t® ititegrate-and-fire (I&F) circuit,
18



generating output spikes-igure 2.3c). As can be seen frorhigure 2.3d, decreased EPSC
results in decreased firing rates of the outpukespi The firing rate of the output spikes
continues to decrease until the EPSC decreasew lagtweset threshold valueg,Vthat is set in
the 1&F circuit. When the EPSC becomes smaller than output spikes will no longer be
generated. In the case showrFigure 2.3, output spikes are generated for 0.8 s afterrpati
spike is applied to the CNT/In+ synapstor, indiegtthat it took 0.8 s for the EPSC to decrease
below V4. The data presented figure 2.3 is from 20 individual trials, which have been
averaged. The firing rate of the output spikes, #g¢rsus time, t, can be fitted with the equation,
f(t) = A Exp[-a(t-tg)]*H(t-t o), where § represents the moment at which the input spilepied

on the CNT/In+ synapstor, and H(t) is a unit stepction. Fitting the data shown Figure
2.3d, we determined that A = 70.Z anda = 4.1 §. The leakage current through the gate of the
CNT/In+ synapstor is <I A and can therefore be neglected, as can the posesumption
induced by the input spike applied on the deviagase electrode. The average EPSC of a
CNT/In+ synapstor, generated by a single spike; 38 nA. The average power consumption of
the CNT/In+ synapse is estimated to be 0.2 V x 866 nW/spike.

A reference device was fabricated in parallel viitt CNT/In+ synapstor. The structure
of the reference device is similar to that of tiéTdn+ synapstor, except that no In ions were
implanted in the AIOs; dielectric layer. An input spike, applied on thatey electrode of the
control device, did not generate any obvious PS. Jource-drain current of the control device
immediately returned to its baseline current vafter the spike. Based upon the experimental
results, the PSC generated by the CNT/In+ synapstetated to the In ions that were implanted
in the ALOs dielectric layer. The generated PSC is due todghamic response of a CNT/In+

synapstor. The input spike, applied on the gatetrelde of the CNT/In+ synapstor, attracts
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electrons from the CNT channel to the®d dielectric layer, where they become trapped in the
defects associated with the implanted In ions. Tikishown inFigure 2.3, The negatively
charged electrons in the A&); dielectric layer attract positively charged holasthe p-type
semiconducting CNTs in the channel. When this happtihe concentration of holes in the CNT
channel increases, as does the current througNie channel. After the spike, the electrons
that were trapped in the AD; dielectric layer gradually return to their originacations by the
CNTs, causing a gradual decrease in the concerirafiholes in the CNT channel. This in turn,
will cause the current through the CNT channel &xay. The decay rate of the PSC is
determined by the speed at which electrons aretabdéak out of the AD; dielectric layer. The
speed at which electrons leak out of theQAldielectric layer could be influenced by the densit

of defects in the AD3 dielectric layer, as well as the layer’s thickness
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Figure 2.3. (a) A single input spike is applied on an excitaptGNT/In+ synapstor. The inset is a
schematic showing a neuromorphic circuit, whereirgsut spike, applied on an excitatory
CNT/In+ synapstor (“+” triangle), generates an &dary postsynaptic current (EPSC),
triggering output spikes via the integrate-and-{i&F) circuit. (b) The EPSC is plotted versus
time. (c) The series of output spikes, generatethby&F circuit, is shown versus time. (d) The
firing rate of output spikes, from 20 individualalls, is shown versus time. The dashed line
represents the best fit of the plotted data. (ecAematic showing hole carriers (“+” circle) in
the p-type CNT channel before an input spike isliagpon the CNT/In+ synapstor. (f) A
schematic showing the movement of electrons (*t¢les) from the CNT channel into the 8k
dielectric layer when a positive voltage is appl@aad the CNT/In+ synapstor. The electrons
become trapped in defects induced by the implaimigidm (In) ions (grey ovals), increasing the
hole concentration in the CNT channel increases A(gchematic showing the movement of
electrons from the AD; dielectric layer back to their original locationear the CNT channel

after the spike. This causes a reduction in the bohcentration in the CNT channel.

In the biological model, stimulating a neuron walpair of input spikes, with different
time interval, can test its response to temporalyrelated signalS.In order to test our
neuromorphic module in a similar way, a pair ofuhgpikes was applied on the gate of a
CNT/In+ synapstor, generating an EPSC, and inducatput spikes Kigure 2.4a). In our
experiments, we varied the time interval betweenghir of input spikesAt, between 1 ms and
40 ms. A pair of spikes with a time interval of #@s, applied on an excitatory CNT/In+
synapstor, is shown iRigure 2.4a. Figure 2.4b shows the EPSC that is generated by the pair of

input spikes, which then flows to the I&F circuibhducing output spikesH{gure 2.5c). The
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EPSC generated by the second input spike was sypesed on the EPSC generated by the first
input spike. ShorteAt values result in larger increases of the ampditod the EPSC peak,
immediately after the second spike is applied @ngate electrode of the CNT/In+ synapstor. In
biological synapses, this type of short-term catreh between the pair of presynaptic spikes is
called paired-pulse facilitation (PPEJigure 2.4d shows the rate at which output spikes are
fired, f(t), versus time. The data presented igayed from 20 individual trials, and is fitted by
the equation, f(t) = AEXp[-a.(t-t1)] H(t-t1) + A*EXp[-ax(t-t2)] H(t-t2), where 1 and t represent
the times at which the first input spike and secopait spike are fired, respectively. The best fit
of the firing rate of output spikes is shownFigure 2.4d as the dashed line, withy A 23.5 &,
0= 0.92 & A, = 9.4 §, anda,= 1.3 §' whenAt = b,— t, = 40 ms. The parameters Anda, are
associated with the neuromorphic module’s respaasie first input spike, which does not
change againgit. The parametersfanda, were derived from the best fit of the experimental
data, asAt ranged from 1 ms to 40 ms. A$ increased from 1 ms to 40 ms, the parameter A
decreased from 17.8'¢0 9.4 §, and the parametes fluctuated between 0.77*sand 20.9 $
without an observable trend versis

The experimental results show that parametechanges versus thid. This suggests
that the output spikes, triggered by a pair of trguikes, are not simply the linear superposition
of output spikes triggered by the two separateditirgpikes. The short-term memory of the
CNT/In+ synapstor could cause parametgtdAdecrease ast increases. Electrons are attracted
from the CNT channel into the AD; dielectric layer when the first spike is applied the
CNT/In+ synapstor. After the spike, the electroegib moving back toward the CNT channel,
out of the AYOs dielectric layer. When the second input spikeppliad, the electrons are still

moving out of the AlO; dielectric layer, back to their original locationsar the CNT channel.
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The residual electrons move to the defects locdésgber in the 403 dielectric layer. When th
pair of input spikes isapplied on the CNT/In+ synapstor with a srer time interval,At,
between them, more electrons could move into tl,O3 dielectric layer. This would result in :
increased concentration of holes in the CNT chanaetl a larger EPSC generated by

CNT/In+ synapstor.
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Figure 2.4. (a) A schematic showing a pair of input spikesyaapart, applied on an excitatory
CNT/In+ synapstor. The inset is a schematic shovangeuromorphic circuit, where a pair of
input spikes, applied on an excitatory CNT/In+ gastar (“+” triangle), generates an excitatory
postsynaptic current (EPSC), triggering output spikia the integrate-and-fire (I&F) circuit. (b)
The EPSC is plotted versus time. (c) The seriesugut spikes, generated by the I1&F circuit, is
shown versus time. (d) The firing rate of outpuksp, from 20 individual trials, is shown versus

time. The dashed line represents the best fitepthtted data.

Applying a pair of input spikes on two individusgynapses can test the spatiotemporal
correlation between the input and output spikesaimeuron. In order to test this in our
neuromorphic module, a pair of input spikes is ggapto two excitatory CNT/In+ synapstors,
each inducing individual EPSCs, which are then sethrand generate output spikes. Two input
spikes are applied separately on two excitatory MNT synapstors, connected in the
neuromorphic module, with time intervalf = 300 ms Figure 2.5a). Figure 2.5b shows the
summed EPSC from the two CNT/In+ synapstors, whiicWs to the I&F circuit, generating
output spikesKigure 2.5¢). When the EPSCs are summed, the EPSC inducetebgecond
input spike is superimposed onto the EPSC causethdyfirst input spike, increasing the
combined EPSC. The firing rate of the generatepuiwpikes, f(t), increases with the summed
EPSC.Figure 2.5d shows f(t) versus time, t, from 20 individual siaThe firing rate of the
output spikes is fitted with the equation, f(t) *Bxp[-a1(t-t1)] H(t-t1) + A*EXp[-ax(t-t2)] H(t-
t2), where 1 and t represent the times at which the first input spikepplied on CNT/In+
synapstor 1 and the second input spike is apple@MT/In+ synapstor 2, respectively. The best

fit of the experimental data, shown as the dasimedih Figure 2.5d, indicates that whent = t,
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—t =300 ms, A=43.0 § anda, = 0.99 & for the CNT/In+ synapstor 1, and that A33.2 &
ando, = 0.29 & for the CNT/In+ synapstor 2. The parameteisaAda, are associated with the
neuromorphic module’s response to the first inpikes which does not change againstAs At
increased from 5 ms to 300 ms, the parameteinéreased from 20.1%sto 32.1 &, and the
parametet, fluctuated between 0.05 sind 0.82 3 without an observable trend versits

The experimental results show that parametechanges versus th&. This suggests
that the output spikes, triggered by a pair of epjkapplied on two excitatory synapses, is not
simply the linear superposition of output spikeggered by the two separated input spikes. The
nonlinear correlation between the input and outguikes, when individual input spikes are
applied on separate CNT/In+ synapstors, is nos#me as that of a pair of spikes applied on a
single CNT/In+ synapstor. There is a nonlineartretship between the generated PSC and the
firing rate of output spikes in the I&F circuit, veh could cause the parameter tA increase as
At increases. Whent is small, larger PSC values appear after thergkspike is applied to the
CNT/In+ synapstor 2, leading to a smaller increafsthe firing rate of the output spikes. This
could be due to nonlinear saturation of the I&Fwit, with the output spike firing rate showing

saturation behavior with increasing PSC values.
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Figure 2.5. (a) A schematic showing a pair of input spikes, 300apart, applied separately
two individual excitatory CNT/In+ synapstor. Thes@t is a schematic showing a neuromor|
circuit, where a pair of input spikes, app separately on two individuaxcitatory CNT/In+
synapstorg“+” triangle), generates an excitatory postsymaptirrent (EPSC), triggering outg
spikes via the integrate-atiide (I&F) circuit. (b) Thecombined EPSCgenerated by the tw

excitatory CNT/In+ synapstorss plotted versus time. (c) The series of outpuitesy generate
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by the I&F circuit, is shown versus time. (d) Theny rate of output spikes, from 20 individual

trials, is shown versus time. The dashed line srEs the best fit of the plotted data.

The spatiotemporal correlation between the inpdt @mput spikes was also tested for a
neuromorphic module with one excitatory CNT/In+ aystor and one inhibitory CNT/In+
synapstor. A pair of input spikes is applied to aneitatory CNT/In+ synapstor and one
inhibitory CNT/In+ synapstor, inducing an EPSC amlIPSC, respectively. These EPSCs and
IPSCS are summed, generating output spikes. Twat isypikes are applied separately on one
excitatory CNT/In+ synapstor and one inhibitory QM synapstor, with time intervaiit =
328 ms Figure 2.6a). Figure 2.6b shows the summed EPSC and IPSC from the two CMT/In
synapstors, which flows to the I&F circuit, genergtoutput spikesKigure 2.6¢). The first
applied input spike on the excitatory CNT/In+ systap causes an EPSC, which increases the
firing rate of the output spikes. The second applput spike on the inhibitory CNT/In+
synapstor causes an IPSC, which decreases thg fate of the output spike&igure 2.6d
shows the firing rate of the generated output §ik#), versus time, t, from 20 individual trials.
The firing rate of the output spikes is fitted witke equation, f(t) = AEXp[-a(t-t1)] H(t-t;) +
AExp[-az(t-t2)] H(t-t2), where 1 represents the time at which the first input spskapplied on
the excitatory CNT/In+ synapstor andrépresents the times at which the second inpkespi
applied on inhibitory CNT/In+ synapstor. The beastof the experimental data, shown as the
dashed line ifFigure 2.6d, indicates that wheft = b—t; = 328 ms, A= 22.4 &, A, = -33.4 &,

o1 = 0.18 &, and thati, = 3.5 §'. From our experimental results, Asdecreased from 328 ms to

100 ms, A decreased from -33.4' %0 -43.4 &, anda, decreased from 3.5'¢0 2.4 §. There is
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a nonlinear relationship between the generated &®the firing rate of output spikes in f

I&F circuit, which could cause the paramete, to decrease ast decreases.
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Figure 2.6. (a) A schematic showing a pair of input spikes, 8#%8apart, applied separately
one excitatory and one inhibitory CNT/In+ synapstbhe inset is a schematic showing
neuromorphic circuit, where a pair of input spikapplied separately on one extory (“+”

triangle) and one inhibitory -” triangle) CNT/In+ synapstor, generates an exaita
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postsynaptic current (EPSC) and an inhibitory postptic current (IPSC), triggering output
spikes via the integrate-and-fire (I&F) circuit.)(Fhe combined PSC, generated by the
excitatory and inhibitory CNT/In+ synapstors, ioted versus time. (c) The series of output
spikes, generated by the I&F circuit, is shown usrme. (d) The firing rate of output spikes,
from 20 individual trials, is shown versus time.eTtashed line represents the best fit of the

plotted data.

2.5. Control Device Fabrication

A schematic of the control device for the CNT/Ispnhapstor can be seenkigure 2.7.
A control device with the same structure as the MMNT synapstor, but without the implanted
indium (In) ions was fabricated by using the sanmag@sses as for the carbon nanotube (CNT)
synapstor. The control device was fabricated ahcos (Si) substrate with a 300-nm-thick layer
of silicon dioxide (SiQ) grown thermally on top. The back gate was falbeiddy depositing a
20-nm-thick layer of titanium (Ti) and an 80-nmakilayer of aluminum (Al) via electron beam
evaporation at rates of 0.A/s and 1.0A/s, respectively. The device’s dielectric layer is
comprised of a 25-nm-thick layer of aluminum oxi{&l,03), deposited by atomic layer
deposition (ALD) at 250C. This layer of Asis patterned using polyimide (PI) and AZ 5214
photoresist, then etched using a solution of 4%sphoric acid mixed with 96% deionized
water. Following the deposition of a monolayer 8tAminopropybtriethoxysilane (APTES)
onto the surface of the AD; layer, a random network of single-wall p-type sswnducting
CNTs is deposited onto the surface of the APTESetb&hLO; via spin coating. This CNT
network is patterned, using AZ 5214 photoresist axgben plasma etching, to form a 15-um-

wide and 20-um-long transistor channel. The CNTidistor channel is connected with source
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and drain electrodes, composed of a 10-nm-thickrlay Ti and an 80-nm-thick layer of gold
(Au), deposited via electron beam evaporation tdsraf 0.5A/s and 1.0A/s, respectively.

Finally, a 2pum-thick layer of SU-8 polymer was deposited andgoaed to cap the entire CNT

channel area.

Figure 2.7. A schematic of a control device for the CNT/In+napstor, with a channel
composed of a random carbon nanotube (CNT) netvibrddkended by source (S) and drain (D)

electrodes. It has an aluminum oxide dielectrietegnd an aluminum back gate.
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2.6. Electrical Characteristics of the CNT/In+ Synapstorsand Their Control Devices

A single spike of amplitude 5 V and duration of % mas applied on the gate electrodes
of the CNT/In+ synapstors and their control devig®gositive source-drain electrode voltage,
Vg4s = 0.2 V, was applied on an excitatory CNT/In+ gystar and its control device, and a
negative source-drain electrode voltaggs ¥ -0.2 V, was applied on an inhibitory CNT/In+
synapstor and its control device. The source-d@irrents measured from the CNT/In+
synapstors and their control devices can be sedfigure 2.8. In the case of the excitatory
CNT/In+ synapstor, the input spike applied on thetegelectrode induced an excitatory
postsynaptic current (EPSC). However, when the saenput spike was applied on the gate
electrode of the excitatory CNT/In+ synapstor’s tcohndevice, no EPSC was observédglre
2.8a). When the 5 V input spike was applied on the gdéetrode of the inhibitory CNT/In+
synapstor, an inhibitory postsynaptic current (IPS@s induced. When the same 5 V input
spike was applied on the gate electrode of thevitdry CNT/In+ synapstor’s control device, no

IPSC was observedrigure 2.8b).
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Figure 2.8. (a) An input spiketbpp) is applied to an excitatofyNT/In+ synapstor, generating
postsynaptic current (PSGja the CNT chann, shown in red The PSC generated bnn
excitatorycontrol device for the CNT/In+ synapstor, with game input spike, is shown in bl
(b) An input spike (top) is applied to an inhibitory CNiH synapstor, generating a PSC (r
via the CNT channel. The PSC generated by an iambicontrol device for the CNT/In

synapstor, with the same input spike, is showrue.

2.7. Paired-Pulse Testing

A pair of input spikes were applied to the gatetetale of an excitatory CNT/In
synapstor, inducing an excitatory postsynapticentr(EPSC), and triggering output spikes
an I&F circuit in the neuromorphic module (InsFigure 2.9). The time mterval between th
spike pairAt, varied between 1 ms and 40 ms. The EPSC indogdide spike pair withAt = 40

ms is shown irFigure 2.9a, where | represents the amplitude of the EPSC induced wie
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first input spike is input, and.Eepresents the amplitude of the EPSC induced wheisecond
input spike is input. The EPSC induced by the seddoput spike was superimposed on the
EPSC induced by the first input spike. The pairat@ ratio, B/E;, represents the relationship
between the amplitudes of the two EPSCs inducethéytwo input spikes. The paired-pulse
ratio is plotted against that in Figure 2.9b, which shows that the paired-pulse ratio decreases
with increasingAt. The firing rate of the output spikes, f(t), istdd by the function: f(t) =
AExp[-aa(t-ty)] H(t-t1) + A*EXp[-az(t-t2)] H(t-t2), where 1 and ¢ represent the times at which
the first input spike and second input spike aredii respectively, and H(t) is a unit step
function. The parameters;Anda; are associated with the response of the neurononpddule

to the first input spike, which should not changmiastAt. The parameters Aand o, were
derived from the best fit to the experimental dateenAt changed between 1 ms to 40 ms. As
shown inFigure 2.10, whenAt increases from 1 ms to 40 ms, parametegradually decreases

from 20.1 § to 16.3 §, and parameter fluctuates between 0.75 and 2.1 3.
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Figure 2.9. (a) A pair of input spike (purple)are applied on an excitatory CNT/In+ synaps
generating an excitatory postsynaptic current (EP<{The inset is a schematic showing

neuromorphic circuit, where a pair of input spikagplied on an excitatory CNT/In+ synaps
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(blue “+” triangle), generates an excitatory posggytic current (EPSC), triggering output spikes
via the integrate-and-fire (1&F) circuit.;EEepresents the amplitude of the EPSC generatdiaeby
CNT/In+ synapstor when the first input spike is la&gh E, represents the amplitude of the EPSC
generated when the second input spike is apphiekpresents the time interval between the two
applied input spikes. The paired-pulse ratio betwibse amplitudes of the EPSCs generated by

the first and second input spikes/fg) is shown versuat.
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Figure 2.10. (a) The fitting parameter ,, from the best fit equation of the output sf

frequencyfrom a pair of input spikes applied on an excitat@NT/In+ synapst(, is shown
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versus the time interval between the two appligiirspikesAt. (b) The fitting parameteus,
from the best fit equation of the output spike treacy from a pair of input spikes applied on an
excitatory CNT/In+ synapstor, is shown versus theetinterval between the two applied input

spikesAt.

2.8. Testing on a Neuromor phic M odule with Two Excitatory CNT/In+ Synapstors

Two excitatory CNT/In+ synapstors were connectegetioer to form a neuromorphic
module. A pair of input spikes was applied on tlategelectrodes of the CNT/In+ synapstors
separately, inducing excitatory postsynaptic cusdEPSCs), and trigger output spikes in the
neuromorphic module (Insdtjgure 2.11). The firing rate of the output spikes, f(t), igdd by
the function: f(t) = A*Exp[-aa(t-t1)] H(t-t1) + A*Exp[-oz(t-t2)] H(t-t2), where 1 and t represent
the moments at which the first input spike is fiead the CNT/In+ synapstor 1 and the second
input spike is fired on the CNT/In+ synapstor Zpectively. The parameters,Au, Az, anda,
are derived from the best fit to the experimentbhdvhemt changed between 5 ms to 300 ms.
Figure 2.11 shows that whent increases from 5 ms to 300 ms, the parametegradually

increases from 20.1'¢0 32.1 &, and parametaer; fluctuates between 0.05 snd 0.82 3.
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Figure 2.11. (a) The fitting parameter ,, from the best fit equation of the output sf

frequency from a pair of input spikes applied safidy on two individual excitatory CNT/In
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synapstors, is shown versus the time interval betwtbe two applied input spikest. (b) The
fitting parameten,, from the best fit equation of the output spikegirency from a pair of input
spikes applied separately on two individual exomatCNT/In+ synapstors, is shown versus the

time interval between the two applied input spikes,

2.9. Summary

A nonlinear dynamic analog neuromorphic module posed of excitatory and inhibitory
CNT/In+ synapstors and a nonlinear integrate-ared-fl&F) circuit was demonstrated. The
channel of the CNT/In+ synapstor was made fromna@oen carbon nanotube (CNT) network,
and indium (In) ions were implanted into an alunmmaxide (ALOs3) dielectric layer in its gate.
A positive voltage pulse (spike), applied to theaegalectrode of the CNT synapstor, causes
electrons to move away from the CNT channel, ih® ALO; dielectric layer. These electrons
become trapped near defect sites, created by thkamted In ions. This, in turn, modifies the
hole concentration in the CNT channel and inducesdymamic postsynaptic current (PSC)
through the CNT channel. A spike applied on thee gakectrode of an excitatory CNT/In+
synapstor, with a positive source-drain electrooléage, induces an excitatory PSC (EPSC). An
inhibitory PSC (IPSC) is induced when a spike ipligol on the gate electrode of an inhibitory
CNT/In+ synapstor, with a negative source-drairctetele voltage. Multiple input spikes induce
PSCs that collectively flow to an I&F soma circujbintly triggering output spikes. The
nonlinear analog function of the neuromorphic medslanalyzed. The module could potentially
be scaled up to emulate biological neural networkh parallel signal processing and low

energy consumption.
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CHAPTER 3: DOPING MODULATED CNT SYNAPSTORS

3.1. Introduction

We report a carbon nanotube (CNT) based synapdttoanalog spike signal processing,
plasticity, and memory characteristics with thelg@fa@mulating a biological synapse. The CNT
synapstor has a structure similar to that of adfedfect transistor. The device channel,
connecting the source and drain electrodes, is osatpof a random CNT network. The CNTs
used are initially p-type, but half of the CNT chahis converted to n-type, creating a p-n
junction in the CNT channel. This p-type to n-tygmaversion of the CNTs is done by depositing
a layer of aluminum oxide (AD3) on top of the CNTs. Changing the CNTs to n-tyjso a
modifies the Schottky barrier at the interface loé tCNT channel and the gold (Au) drain

electrode.

The doping modulated CNT synapstor generates amdiynpostsynaptic current (PSC)
via the CNT channel when an input spike is appbedthe gate electrode of the device. The
doping modulation in the CNT channel of the dewviesults in a decreased baseline device
current, improved ratio between the PSC amplitude itgs baseline current, and significantly
reduced the power consumed by the CNT synapster.ddping modulated CNT synapstor also
has memory and plasticity characteristics. The P§Degrated from the CNT synapstors flow to
an integrate-and-fire (I&F) circuit. As the poteitin the I&F circuit increases above a preset
threshold value, output spikes are triggered. Thiegeng modulated CNT synapstors could be
incorporated, along with 1&F circuits, to createeuromorphic circuit, which could be scaled up

to emulate the biological neural network. This m@uorphic circuit could operate with learning
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capabilities, fast parallel signal processing, bowd power consumption. Area such as artificial

intelligence, pattern recognition, and motor contauld stand to benefit.

3.2.Doping Modulated CNT Synapstor Fabrication

A schematic of the doping modulated CNT synapistshown inFigure 3.1. The doping
modulated CNTsynapstor is fabricated on a silicon (Si) waferbwét 300-nm-thick layer of
thermally grown SiQon top. The back gate is composed of a 5-nm-tlaig&r of Ti and an 80-
nm-thick layer of Al, both deposited via electro@an evaporation at rates of O\%s and 1.0
Als, respectively. The device’s dielectric layecasnprised of a 25-nm-thick layer of aluminum
oxide (ALOs), deposited by atomic layer deposition (ALD) al026. This layer of AlOs is
patterned using Pl and AZ 5214 photoresist, thehegt using a solution of 4% phosphoric acid
mixed with 96% deionized water. Following the dapos of a monolayer of APTES onto the
surface of the AlD; layer, a random network of single-wall p-type sewnducting CNTSs is
deposited onto the surface of the APTES-coategDAVia dry coating. In this dry coating
method, the sample is placed on a hotplate at JA€ CNT solution is dropped onto the sample
and allowed to dry. This CNT network is patternading AZ 5214 photoresist and oxygen
plasma etching, to form a 15-pm-wide and 6-pm-ltiagsistor channel. The CNT transistor
channel is connected with source and drain elees,ocbmposed of a 5-nm-thick layer of Ti and
a 50-nm-thick layer of gold (Au), deposited viaatien beam evaporation at rates of A5 and
1.0 Ass, respectively. Half of the patterned CNT chanselovered with a layer of 20-nm-thick
Al O3, deposited via ALD at 90 C. Finally, au2a-thick layer of SU-8 polymer is deposited and

patterned to cap the entire CNT channel area.
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Figure 3.1: A schematic of a doping modulated carbon nano{@rl) synapstor, composed of
an aluminum oxide (ADs;) dielectric layer and a device channel composea @ndom carbon

nanotube (CNT) network, bookended by source anth drkectrodes. One half of the CNT
network is capped with an SU-8 polymer layer, while other half is capped with a layer of

Al,O3 deposited by atomic layer deposition at 90 C.

3.3. Device Physics

When aluminum oxide (AD3;) was deposited on top of the carbon nanotube (CNT)
network, the CNTs were converted from p-type semidceting to n-type ones. This change is
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due to a modification of the energy band structfrthe CNT channel in the synapstor, caused
by electrostatic doping of the CNTs. The energydbsinucture of the doping modulated CNT
synapstor can be seenhkigure 3.2a. Since the other half of the CNT channel was cedeavith

an SU-8 polymer, and remained p-type semiconducting-n junction was formed in the CNT
channel between the p-type CNTs covered by SU-gnped and the n-type CNTs covered by
low temperature deposited A;. The Fermi level of the n-type CNTs (~3.8 eV) résuih a
large difference between it and the work functibthe gold (Au) electrode (-5.1 eV), forming a
Schottky barrier between the n-type CNTs and thedfaun electrode of the doping modulated
CNT synapstor. Two different types of control degdor the doping modulated CNT synapstor
were fabricated and tested in order to better wtded the doping modulation. The device
structures of the control devices were similahtat of the doping modulated CNT synapstor, but
the CNT channels were fully capped with a SU-8 pway or fully capped with an AD; layer,

deposited by ALD at 90 C.

When a negative source-drain electrode voltage,<V0 V, was applied on the drain
electrode of the doping modulated CNT synapstar,divice currentgd, was increased. This is
due to the reduction of the p-n junction barriarthe CNT channel, and the Schottky barrier,
between the n-type CNTs and the Au electrode, chbgethe applied ¥ When a positive
source-drain electrode voltagegs\> 0 V, was applied on the drain electrode of tioping
modulated CNT synapstor, the device current wasedsed. This is due to the increase of the p-
n junction barrier, in the CNT channel, and the @iy barrier, between the n-type CNTs and

the Au electrode, caused by the applied V

When a negative gate voltage, ¥ 0 V, was applied on the gate electrode of thardp

modulated CNT synapstor, the device current waeased. This is due to the reduction of the
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Schottky barrier, between the n-type CNTs and tlheefectrode, caused by the applied V
When the Schottky barrier is decreased, holesmgeeted into the CNT channel, reducing the p-
n junction barrier. When a positive gate voltagg>\0 V, was applied on the gate electrode of
the doping modulated CNT synapstor, the deviceeotirivas decreased. This is due to the
increase of the Schottky barrier, between the e-@pTs and the Au electrode, caused by the
applied \§. When the Schottky barrier is increased, cartienge a harder time flowing through

the CNT channel.

When a positive voltage spike is applied on thenatwm (Al) back gate of the doping
modulated CNT synapstor, electrons are attractealyawom the CNT channel and into the
Al,O3 dielectric layer. These electrons become trappedllp near the defects in the 283
dielectric layer. When this happens, the hole cotraéion in the CNT channel increases, thereby
increasing the current through the CNT channeleAthe spike is removed, the electrons are
gradually released from the dielectric layer. Ascelons return from the ADsdielectric layer to
their original locations near the CNT channel, domcentration of holes in the CNT channel
decreases. As this happens, the current throughCthi€ channel will gradually decrease,
returning to its initial baseline value. This is athgenerates a dynamic postsynaptic current
(PSC) through the CNT channel. When a positive@®drain electrode voltagegd= 0.2 V, is
applied to the doping modulated CNT synapstor, sitpe voltage spike applied on the gate
electrode induces an excitatory PSC (EPSC), ancCM€E transistor functions as an excitatory
synapse. When a negative source-drain electrodagel\is = -0.2 V, is applied to the doping
modulated CNT synapstor, a positive voltage spilduces an inhibitory PSC (IPSC), and the

CNT transistor functions as an inhibitory synapse.
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The PSC, generated from the doping modulated CNiapstor, flows toward an
integrate-and-fire (I&F) circuit. The PSC is am@d and integrated with respect to time by a
capacitor in the I&F circuit. When the PSC is belawreset threshold current, no output spikes
are generated by the I1&F circuit. When the PSQii¢sadased above the preset threshold current,
an output spike is triggered, and the PSC intemmastarts over again from zetrdhe output
spike rate increases nonlinearly with increasin@ PEhe input spike, PSC, and output spikes of
the neuromorphic module can be measured by analdggital converters (ADC). The operation
of a typical excitatory doping modulated CNT syrtapsinducing an EPSC can be seen in

Figure 3.3.
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Figure 3.2. (a) The energy level diagram for the doping moehdaCNT synapstor. (b) A
schematic of a doping modulated carbon nanotubeljGynapstor, composed of an aluminum
oxide (ALOg3) dielectric layer and a device channel compose@ odndom carbon nanotube
(CNT) network, bookended by source and drain eddets. One half of the CNT network is
capped with an SU-8 polymer layer, while the otheif is capped with a layer of ADs

deposited by atomic layer deposition at 90 C.
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Figure 3.3. (a) A single input spike is applied on an excitatdoping modulated carbon
nanotube (CNT) synapstor. (b) The EPSC, generatedebdoping modulated CNT synapstor, is

plotted versus time. (c) The series of output spilgenerated by the integrate-and-fire (I&F)
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circuit, is shown versus time. (d) The firing raik output spikes is shown versus time. The

dashed line represents the best fit of the plattad.

3.4. Results and Discussion

Figure 3.4 shows a typical source-drain electrode curregy, Mersus source-drain
electrode voltage, ) for a doping modulated CNT synapstor. This measent was done with
the gate voltage, y/ fixed at 0 V. When a negative source-drain vatads < 0 V, was applied
on the drain electrode of the doping modulated Gymapstor, the energy band (shown in
Figure 3.4, inset on the left) was bent upward. This resuited reduction of the p-n junction
potential barrier in the CNT channel, as well asduction in the Schottky barrier between the n-
type CNTs and the Au electrode. Carriers were thigle to flow through the CNT channel,
between the source and drain electrodes, moreygasdreasing the device current. The
magnitude of the device current increased from 0 A200 nA when ¥; was swept between O
V and -2 V. When a positive source-drain voltagg, 0 V, was applied on the drain electrode
of the doping modulated CNT synapstor, the enemgydb(shown inFigure 3.4, inset on the
right) was bent downward. In this case, the p-rciiem potential barrier in the CNT channel
remained, and the Schottky barrier between thepa-§NTs and the Au electrode increased.
This made it more difficult for carriers to flowrttugh the CNT channel, between the source and
drain electrodes, decreasing the device currerg. mhgnitude of the device current was less

than ~3 nA when Y, was swept between 0 V and 2 V.

The same 4k versus Vs measurement was performed on the control deviceshie

doping modulated CNT synapstor. In the case ottmrol device with the entire CNT channel
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covered with an SU-8 polymer, all of the CNTs remeal p-type, so there was no p-n junction
barrier in the CNT channel or a Schottky barriethat interface between the CNT channel and
Au electrode. The device current increased withreasing magnitude of the source-drain
voltage, s, regardless of if ¥;was swept between O V and 2 V or between 0 V and These
results indicate that there is no p-n junction iearor Schottky barrier present in the CNT
channel of the SU-8 polymer capped control devildee test was also done for the control
device with the entire CNT channel covered witlayel of ALO; deposited by ALD at 90 C. In
this control device, all of the CNTs were convertedn-type, so there was no p-n junction
barrier in the CNT channel. However, there weredBklg barriers formed at the interfaces
between the CNT channel and the Au electrodes. Vdheggative source-drain voltages¥ 0

V, was applied on the drain electrode of the dopmgdulated CNT synapstor, the Schottky
barrier was reduced, allowing carrier to flow méneely through the CNT channel between the
source and drain electrodes. The control devicasce-drain current increased with increasing
magnitude of Ws When a positive source-drain voltages ¥ 0 V, was applied on the drain
electrode of the doping modulated CNT synapst@a Sbhottky barrier was increased, making it
more difficult for carriers to flow through the CNd@hannel between the source and drain

electrodes.
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Figure 3.4. The source-drain currentysl of the doping modulated carbon nanotube (CNT)
synapstor is shown versus the source-drain voldgewhich is swept from -2 Vto 2 Vto -2 V.
The insets at the top show the energy level diagrionthe doping modulated CNT synapstor

are shown when ¥< 0V (left) and when ¥ > 0 V (right).
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Figure 3.5a shows a typical source-drain electrode curreqt,viersus gate electrode
voltage, \j, for a doping modulated CNT synapstor. This mesmsent was done with the
source-drain voltage, ¢ fixed at 0.5 V. When a negative gate voltage<\0 V, was applied on
the doping modulated CNT synapstor, the energy lglnown inFigure 3.5, inset on the left)
was bent upward. This resulted in a reduction ef$lchottky barrier between the n-type CNTs
and the Au electrode. Holes were then able to nmioicethe CNT channel, eliminating the p-n
junction potential barrier, increasing the devicerent. When a positive gate voltagg, %0 V,
was applied on the doping modulated CNT synapsher,energy band (shown Figure 3.5,
inset on the right) was bent downward. This resuite an increase of the Schottky barrier
between the n-type CNTs and the Au electrode. iitade it more difficult for carriers to move
through the CNT channel, reducing the device cuirren

The doping modulated CNT synapstor showed memosayacheristics. When ¢/was
swept from -5 V to 5 V, with ¥ fixed at 0.5 V, the device current decreased frdri6 nA to
~0.4 nA. The device current increased from ~0.4 nA109 nA when the gate voltage was
swept from 5 V to -5 V, resulting in a counter-dtagse hysteresis loop in thg-V 4 plot. When
the gate voltage was swept between 0 V and 5 ¥treless moved from the CNT channel into
the ALO; dielectric layer. These electrons became trappdatea defects in the AD; dielectric
layer when the gate voltage is swept from 5 V t¥.0These trapped electrons attract holes,
increasing the hole carrier concentration in theTGdthannel, thereby increasing the device
current. This is shown iRigure 3.5b. The electrons at the bottom of the®d dielectric layer
become depleted when the gate voltage is sweptekeat® V and -5 VFigure 3.5¢c shows that

the hole concentration in the CNT channel decreaves the gate voltage is then swept from -5
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V to 0 V. This causes the device current to deere@ke counter-clockwise hysteresis loop seen
in the ks'Vg curve, which demonstrates the memory of the dopingulated CNT synapstor, is
due to electrons being trapped in the bottorOAldielectric layer. The leakage current through
the gate of the doping modulated CNT synapstorivegdigible, as it was < 1 pA.

The samegk versus \y measurement was performed on the control devarethé doping
modulated CNT synapstor. The control device withehtire CNT channel covered with an SU-
8 polymer showed similar trends to the doping mathd CNT synapstor. The device current
decreased from ~117 nA to ~O A when the gate voltege swept from -5 V to 5 V, with ¢
fixed at 0.5 V. When the gate voltage was then s$vilemm 5 V to -5 V, the device current
increased from ~0 A to ~130 nA. This trend was exgokaiue to the CNT channel in the control
device being p-type. The hole concentration inadaghen negative gate voltages are applied to
the control device, increasing the current in tidTGhannel. Similar to the doping modulated
CNT synapstor, the SU-8 polymer capped controlaeshowed a counter-clockwise hysteresis
loop in the Vg curve. This results from the electrons that becdrapped in the ADs;
dielectric layer.

The same measurement was also done on the coetngledthat was fully capped with
Al,O3, deposited by ALD at 90 C. When the gate voltags swept from -5 V to 5 V, the device
current increased from ~17 nA to ~160 nA. The deviteent decreased from ~160 nA to ~ 20
nA when the gate voltage was swept from 5 V to ;5ignifying that the CNT channel in the
control device was n-type. This means that thetmlecconcentration in the CNT channel
increased when the gate voltage became more pmsthereby increasing the device current.
When positive gate voltages were applied to thdrobdevice, capped with a layer of ,8l;,

electrons moved from the CNT channel into thgQAldielectric layer. This repelled electrons in
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the CNT channel, decreasing the device currentth@rother hand, electrons became depleted
from the ALO; dielectric layer when negative gate voltages vegrglied on the control device.
This caused the electron carrier concentratiom¢cease in the CNT channel, thereby increasing
the device current. The electrons that become &@pp the AJO3 dielectric layer cause the

clockwise hysteresis loop that can be seen ingtf\églcurve.
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Figure 3.5. (a) The source-drain currengs lof the doping modulated carbon nanotube (CNT)
synapstor is shown versus the gate voltagg which is swept from -5 Vto 5V to -5 V. The
insets at the top show the energy level diagramshi® doping modulated CNT synapstor are
shown when Y < 0 V (left) and when ¥ > 0 V (right). (b) A schematic showing the
concentration of holes (“+” circles) in the CNT dm&l when \, < 0 V. (c) A schematic showing

the concentration of holes (“+” circles) in the CNffannel when y> 0 V.

A typical excitatory doping modulated CNT synapstaluces an excitatory postsynaptic
current (EPSC). The operation of an excitatory dgpnodulated CNT synapstor, operated with
a source-drain voltage, ¢y = 0.2 V, is described ifrigure 3.6. A single input spike, with
amplitude \§ = 2.25 V and duration of 1 ms, is applied on tlegelectrode of a doping
modulated CNT synapstoFiQure 3.6a), which generates an EPSEidure 3.6b). The peak
amplitude of the EPSC is ~12 nA above the baseliment. After the spike, the device current
gradually decays back to the baseline current eveluration of approximately 4.0 s. The
generated EPSC flows to the integrate-and-fire fI&iFcuit, generating output spikeBigure
3.6¢). As can be seen froffigure 3.6d, decreased EPSC results in decreased firing ot
output spikes. The firing rate of the output spikestinues to decrease until the EPSC decreases
below a preset threshold valuey, Mthat is set in the I&F circuit. When the EPSC draes
smaller than ¥, output spikes will no longer be generated. In ¢ase shown irfrigure 3.6,
output spikes are generated for 1.2 s after thatigpike is applied to the doping modulated
CNT synapstor, indicating that it took 1.2 s foe tBPSC to decrease below,.VThe firing rate
of the output spikes, f(t), versus time, t, canfitted with the equation, f(t) = &"*, where a =

26.29 and b = -2.621. The leakage current throlnghdgate of the doping modulated CNT

57



synapstor is < 1 pA and can therefore be negleasdan the power consumption induced by the
input spike applied on the device’'s gate electrodee average EPSC of a doping modulated
CNT synapstor, generated by a single spike, is A.2The average power consumption of the

doping modulated CNT synapstor is estimated to.BeV/spike.

The same testing was done on the control devidethe doping modulated CNT
synapstor. For the doping modulated CNT synapstectrons move from the CNT channel into
the ALO; dielectric layer when a positive voltage input gpik applied on the gate electrode.
When these electrons become trapped in the deiectise ALO; dielectric layer, the hole
concentration in the p-type CNTs in the channetdases, causing a transient PSC through the
CNT channel. After the spike, the electrons moveklta their original locations near the CNT
channel, decreasing the hole concentration in th& €hannel, thereby decreasing the PSC back
to its baseline value of ~0 A. Applying a positiva@tage spike on the gate of the control device,
with its CNT channel covered by an SU-8 polymerelaygenerated a PSC in similar fashion.
However, the control device had a high device laseturrent, causing the I&F circuit to
generate output spikes before and after the pesibitage input spike was applied on the gate
electrode. The increased device baseline currentrakults in an increased power consumption
(4.6 nW/device) for the device. This high baselouerent is due to the lack of a p-n junction
potential barrier in the CNT channel, and a Schyoltirrier at the interface of the CNT channel
and the Au electrode. In the case of the controioge capped entirely with AD; deposited by
ALD at 90 C, there was no PSC generated when art spke was applied on the gate electrode
of the control device. Based upon the experimergsalilts, the PSC generated by the doping
modulated CNT synapstor is related to the electrivapped in the AD; dielectric layer.

Applying a positive voltage input spike on the geliectrode of the AD; capped control device
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also causes electrons to move from the CNT chant®lthe ALO; dielectric layer. However,
electrons are the carriers in the n-type CNTSs, Whie repelled by these attracted electrons due

to the applied gate voltage. As a result, no PSE€tggered in the AD3; capped control device.

Input (V)
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Figure 3.6. (a) A single input spike is applied on an excitatdoping modulated carbon

nanotube (CNT) synapstor. (b) The EPSC, generatédebdoping modulated CNT synapstor, is
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plotted versus time. (c) The series of output spilgenerated by the integrate-and-fire (1&F)
circuit, is shown versus time. (d) The firing raik output spikes is shown versus time. The

dashed line represents the best fit of the plattad.

The doping modulated CNT synapstor can be tunegbpiying voltage spikes on its gate
electrode. A series of 50 tuning spikes, with atopk of 3 V or -3 V and duration of 1 ms, was
applied on the gate electrode of a doping modul@idd synapstor to test its plasticity under a
source-drain voltage, &¢= 0.2 V. A reading pulse, with amplitude of 2.25a%d duration of 1
ms, was applied on the gate electrode of the CNigsstor between each tuning pulse. The
resulting output spikes, generated by the I1&F dironere measured and recorded. The output
spikes generated by 18, 22, and 25 tuning spikesnpiitude -3 V, is shown iRigure 3.7a-c.
Figure 3.7d shows how the average frequency of output spikgs,changes with the total
number of -3 V tuning pulses applied on the dopimgdified CNT synapstor. As more -3 V
tuning pulses are applied to the devicg, decreases from ~45 Hz to 0 Hz. The progression of
output spikes due to 2, 3, and 4 tuning spikedh wihplitude 3 V, is shown iRigure 3.7e-g.
Figure 3.7h shows §,: versus the number of 3 V tuning pulses appliethendevice. As more 3
V amplitude tuning pulses are applied to the dopimadulated CNT synapstor,,fincreases

from O Hz to ~42 Hz.

The same plasticity test was performed on the obuvices of the doping modulated
CNT synapstor. In the case of the control devicenmetely capped with the AD; layer, no
output spikes were generated,{& 0) and no tuning effects could be found. For ¢batrol
device, fully capped with the SU-8 polymer, apptyituning spikes with amplitude of -3 V

caused J; to decrease from ~32.5 Hz to ~20.8 Hyg; ihcreased from ~10.8 Hz to ~20.8 Hz
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when tuning spikes, with amplitude of 3 V, were lggbto the device. The tuning range of the
SU-8 polymer capped control device was much smdiken that of the doping modulated CNT
synapstor. It was also found thg{;fof the SU-8 polymer capped control device could m®

tuned to 0 Hz, largely due to its high baseline-euoi.
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Figure 3.7. A reading pulse, with amplitude 2.25 V and dunatibb ms, is applied to the gate
electrode of the doping modulated carbon nanot@T{ synapstor before each -3 V or 3 V
tuning pulse. This sequence was repeated 50 ti(agslhe series of output spikes generated

from the 18 reading pulse. (b) The series of output spikesegead from the 22 reading
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pulse. (c) The series of output spikes generated the 28' reading pulse. (d) The frequency of
output spikes,f, is shown versus the number of applied -3 V turpntses. (e) The series of
output spikes generated from tHé &ading pulse. (f) The series of output spikesgated from
the 3% reading pulse. (g) The series of output spikeegad from the % reading pulse. (h) The

frequency of output spikes,f is shown versus the number of applied -3 V tumnlges.

3.5. Control Device Fabrication

Schematics of the control devices for the dopingdufmted carbon nanotube (CNT)
synapstor and their energy level diagrafgre 3.8a andFigure 3.9a) are shown irFigure
3.8b and Figure 3.9b. Two different control devices, with the same ctuwe as the doping
modulated CNT synapstor, were fabricated by usimg $ame processes as for the CNT
synapstor. The control device was fabricated onsulsstrate with a 300-nm-thick layer of S0
grown thermally on top. The back gate was fabratdte depositing a 5-nm-thick layer of Ti and
an 80-nm-thick layer of Al via electron beam evaion at rates of 0.8\/s and 1.0A/s,
respectively. The device’s dielectric layer is coisgpd of a 25-nm-thick layer of ADs,
deposited by atomic layer deposition (ALD) at 250®is layer of A}Os is patterned using
polyimide (PI) and AZ 5214 photoresist, then etclusthg a solution of 4% phosphoric acid
mixed with 96% deionized water. Following the dapos of a monolayer of APTES onto the
surface of the AlD; layer, a random network of single-wall p-type sewnducting CNTSs is
deposited onto the surface of the APTES-coategDAVia dry coating. In this dry coating
method, the sample is placed on a hotplate at JA€ CNT solution is dropped onto the sample
and allowed to dry. This CNT network is patternading AZ 5214 photoresist and oxygen

plasma etching, to form a 15-pm-wide and 6-pm-ltnagsistor channel. The CNT transistor
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channel is connected with source and drain elees,ocbmposed of a 5-nm-thick layer of Ti and
an 50-nm-thick layer of Au, deposited via electbimam evaporation at rates of % and 1.0
Als, respectively. The final step is to cover thererCNT channel areas of the control devices.
One of the control devices has au®-thick layer of SU-8 polymer deposited and paterio
cover the CNT channel area. The other control deVias a 20-nm-thick layer of A,

deposited via ALD at 90C, covering the CNT chararek.
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(b)

Figure 3.8. (a) The energy level diagram for the;®% capped control device. (b) A schematic of
an aluminum oxide (ADs3) capped control device for the doping modulatedba@a nanotube
(CNT) synapstor, composed of an,®4 dielectric layer and a device channel composed of
random carbon nanotube (CNT) network, bookendeddoyce and drain electrodes. The entire

CNT network is capped with a layer of,8k deposited by atomic layer deposition at 90 C.
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Figure 3.9. (a) The energy level diagram for the SU-8 polyroapped control device. (b) A
schematic of an SU-8 polymer capped control defaocéhe doping modulated carbon nanotube
(CNT) synapstor, composed of an,®4 dielectric layer and a device channel composed of
random carbon nanotube (CNT) network, bookendeddoyce and drain electrodes. The entire

CNT network is capped with a layer of SU-8 polymer.
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3.6. Characterization of SU-8 Polymer Capped Control Device

Figure 3.10 shows a typical source-drain electrode curregpy, Mersus source-drain
electrode voltage, § for a control device of the doping modulated C#yhapstor, which has
the entire CNT channel capped with a SU-8 polyragel. This measurement was done with the
gate voltage, ¥, fixed at 0 V. The 4Vgs plot shows that the magnitude of the device cuirren
increases with the magnitude of the source-draittage. This means that the carrier
concentration in the CNT channel will increase,ardtess of what polarity voltage bias is
applied to the drain electrode of the control devid/hen the carrier concentration in the CNT
channel increases, so does the device currentghrthe channel. The leakage current through
the device was negligible, as it was < 1 pA. Whemegative source-drain voltagegs\k 0 V,
was applied on the drain electrode of the conteviak, the energy band (shownHigure 3.10,
inset on the left) was bent upward. This resulte@ ireduction of the contact barriers between
the CNT channel and the Au electrodes. Carrierseviben able to flow through the CNT
channel, between the source and drain electrodess emsily, increasing the device current.
When a positive source-drain voltageysV¥* 0 V, was applied on the drain electrode of the
control device, the energy band (showrigure 3.10, inset on the right) was bent downward.
This resulted in an even larger reduction of thetact barriers between the CNT channel and the
Au electrodes. Carriers were then able to flow ulgio the CNT channel even more easily,

resulting in even higher device currents.
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Figure 3.10. The source-drain currenfysl of the SU-8 polymer capped control device for the
doping modulated carbon nanotube (CNT) synapstshdsvn versus the source-drain voltage,
Vg4s, Which is swept from -2 V to 2 V to -2 V. The inseat the top show the energy level
diagrams for the SU-8 polymer capped control deareeshown when ¥ < 0 V (left) and when

V4s> 0V (right).
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Figure 3.11a shows a typical source-drain electrode curregt,versus gate electrode
voltage, \{, for a control device of the doping modulated Céyhapstor, which has the entire
CNT channel capped with a SU-8 polymer layer. Theasurement was done with the source-
drain voltage, Vs, fixed at 0.5 V. When a negative gate voltagg,<\M0 V, was applied on the
control device, the energy band (showrkigure 3.11, inset on the left) was bent upward. This
resulted in a reduction of the contact barrierthatinterface between the CNT channel and the
Au electrodes. Holes were able to move throughR& channel, between the source and drain
electrodes, increasing the device current. Wheaosétipe gate voltage, 3> 0 V, was applied on
the control device, the energy band (shownFigure 3.11, inset on the right) was bent
downward. This resulted in an increase in the airiiarriers at the interface between the CNT
channel and the Au electrodes. This makes it mifieudt for holes to move through the CNT

channel, between the source and drain electroeéscing the device current.

The control device of the doping modulated CNTagpgtor, which has the entire CNT
channel capped with a SU-8 polymer layer, showechamng characteristics. WhengWas swept
from -5 V to 5 V, with \js fixed at 0.5 V, the device current decreased,igrthe device off.
The device current increased, turning the devicewdmen was swept from 5V to -5V. This
resulted in a counter-clockwise hysteresis loothé sV plot. During the forward sweep, the
control device’s ds = ~0 nA when \ = 0 V. However, during the backward sweep, thetrobn
device’s ks = ~8 nA when | = 0 V. Applying voltages on the gate electrodetha# control
device causes charges to build up in the aluminxialeo(Al,Os3) dielectric layer Figure 3.11b
andc), causing this memory effect. The leakage curtierdugh the gate of the control device

was negligible, as it was < 1 pA.
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Figure 3.11. (a) The source-drain currends, lof the SU-8 polymer capped control device for the
doping modulated carbon nanotube (CNT) synapstsiasvn versus the gate voltagg, Which

is swept from -5V to 5 V to -5 V. The inset at tiop shows the energy level diagrams for the
SU-8 polymer capped control device are shown whgr UV (left) and when Yy> 0 V (right).

(b) A schematic showing the concentration of h¢tes circles) in the CNT channel wheng\k

0 V. (c) A schematic showing the concentration @l (“+” circles) in the CNT channel when

Vg>0V.

A typical excitatory control device for the dopingpdulated CNT synapstor, which has
the entire CNT channel capped with a SU-8 polyragel, induces an excitatory postsynaptic
current (EPSC). The operation of such a devicerabpe with a source-drain voltageys\ 0.2
V, is described irFigure 3.12. A single input spike, with amplitudeg\t 2.25 V and duration of
1 ms, is applied on the gate electrode of the obuigvice Figure 3.12a), which generates an
EPSC Figure 3.12b). The peak amplitude of the EPSC is ~4 nA abovebteeline current.
After the spike, the device current gradually declhgck to the baseline current over a duration
of approximately 5.0 s. The generated EPSC flowdht® integrate-and-fire (I&F) circuit,
generating output spike&ifure 3.12c). As can be seen frofigure 3.12d, decreased EPSC
results in decreased firing rates of the outpukespi The firing rate of the output spikes
continues to decrease until the EPSC decreasew lagtweset threshold valuey,Vthat is set in
the 1&F circuit. When the EPSC becomes smaller than output spikes will no longer be
generated. In the case shownrAigure 3.12, output spikes are generated even before the input
spike is applied due to the control device’s basekurrent being above the preset threshold

value.
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Figure 3.12. (a) A single input spike is applied on an excitgat8U-8 polymer capped control
device of the doping modulated carbon nanotube (CG3ymapstor. (b) The EPSC, generated by
the control device, is plotted versus time. (c) Hegies of output spikes, generated by the
integrate-and-fire (I&F) circuit, is shown versume. (d) The firing rate of output spikes is
shown versus time.
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The control device for the doping modulated CNTagpastor, which has the entire CNT
channel capped with a SU-8 polymer layer, was t@sted for plasticity characteristics. This was
tested in the same way as the doping modulated §ha@pstor. A series of 50 tuning spikes,
with amplitude of 3 V or -3 V and duration of 1 mg&s applied on the gate electrode of a SU-8
polymer capped control device under a source-draltage, \is = 0.2 V. A reading pulse, with
amplitude of 2.25 V and duration of 1 ms, was aggpbn the gate electrode of the control device
between each tuning pulse. The resulting outputespigenerated by the I&F circuit, were
measured and recordeigure 3.13a shows how the average frequency of output spikgs,
changes with the total number of -3 V tuning pulseglied on the control device. As more -3 V
tuning pulses are applied to the devicg,decreases from ~32.5 Hz to ~20.8 Higure 3.13b
shows §: versus the number of 3 V tuning pulses appliethendevice. As more 3 V amplitude
tuning pulses are applied to the doping modulated Gynapstor, £ increases from ~10.8 Hz

to ~20.8 Hz. In either case, tuning with -3 V or 3j&te pulses, no clear trend can be seen from

the plots.
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Figure 3.13. A reading pulse, with amplitude 2.25 V and dunatbb ms, is applied to the gate
electrode of the SU-8 polymer capped control defacghe doping modulated carbon nanotube
(CNT) synapstor before each -3 V or 3 V tuning pulBhis sequence was repeated 50 times. (a)
The frequency of output spikesyf is shown versus the number of applied -3 V turpatges.

(b) The frequency of output spikes,.fis shown versus the number of applied -3 V tuning

pulses.

3.7. Characterization of Al,O; Capped Control Device

Figure 3.14 shows a typical source-drain electrode curregf, Mersus source-drain
electrode voltage, § for a control device of the doping modulated C&yhapstor, which has
the entire CNT channel capped with a layer of alwmm oxide (A}O3). This measurement was
done with the gate voltagegViixed at 0 V. The 4Vg4s plot shows that the magnitude of the
device current decreases as the source-drain eokagwept from -2 V to 2 V. This means that
the carrier resistance in the CNT channel increasegs becomes more positive, decreasing the
device current. The leakage current through thécdenvas negligible, as it was < 1 pA. When a
negative source-drain voltagegs\< 0 V, was applied on the drain electrode of tbatml
device, the energy band (shownFigure 3.14, inset on the left) was bent upward. This resulted
in a reduction of the contact barriers between@h8 channel and the Au electrodes. Carriers
were then able to flow through the CNT channelwieen the source and drain electrodes, more
easily, increasing the device current. When a pesisource-drain voltage, ¢y > 0 V, was
applied on the drain electrode of the control deyvibe energy band (shownRigure 3.14, inset

on the right) was bent downward. This resultednnrerease of the contact barriers between the
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CNT channel and the Au electrodes. This makes renddficult for carriers to flow through the

CNT channel, resulting in lower device currents.
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Figure 3.14. The source-drain currentgl of aluminum oxide (AJO3) capped control device for

the doping modulated carbon nanotube (CNT) synapstashown versus the source-drain

voltage, s, which is swept from -2 V to 2 V to -2 V. The inse the top shows the energy level
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diagrams for the AD; capped control device are shown whep &0 V (left) and when ¥ > 0

V (right).

Figure 3.15a shows a typical source-drain electrode curregat,versus gate electrode
voltage, V4, for a control device of the doping modulated Céyhapstor, which has the entire
CNT channel capped with a layer of,8k. This measurement was done with the source-drain
voltage, \s, fixed at 0.5 V. When a negative gate voltagg<\0 V, was applied on the control
device, the energy band (shownFigure 3.15, inset on the left) was bent upward. This resulted
in an increase of the contact barriers at the fexter between the CNT channel and the Au
electrodes. This made it more difficult for carsi¢go move through the CNT channel, between
the source and drain electrodes, reducing the detiaent. When a positive gate voltagg,>V
0 V, was applied on the control device, the endsggd (shown irFigure 3.15, inset on the
right) was bent downward. This resulted in a desgeaf the contact barriers the interface
between the CNT channel and the Au electrodesiegZamvere able to move more easily through

the CNT channel, between the source and drainretied, increasing the device current.

The control device of the doping modulated CNT ggtar, which has the entire CNT
channel capped with a layer of28k, showed memory characteristics. Whejvkas swept from
-5V to 5V, with Vs fixed at 0.5 V, the device current increased, ingrthe device on. The
device current decreased, turning the device digmwwas swept from 5V to -5V. This resulted
in a clockwise hysteresis loop in thgVq plot. During the forward sweep, the control delgce
las= ~55 nA when Y = 0 V. However, during the backward sweep, therobaevice’s §s = ~0

nA when \ = 0 V. Applying voltages on the gate electrodehef control device causes charges
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to build up in the AIO; dielectric layer Figure 3.15b andc), causing this memory effect. The

leakage current through the gate of the controicgewas negligible, as it was < 1 pA.
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Figure 3.15. (a) The source-drain currents lof the aluminum oxide (ADs) capped control
device for the doping modulated carbon nanotubeT(Cé&ynapstor is shown versus the gate
voltage, \§, which is swept from -5 V to 5 V to -5 V. The insg the top shows the energy level
diagrams for the AlD; capped control device are shown whep\0 V (left) and when Yy> 0

V (right). (b) A schematic showing the concentratiof electrons (“-” circles) in the CNT
channel when Yy< 0 V. (c) A schematic showing the concentratidrlectrons (“-” circles) in

the CNT channel wheng® 0 V.

The operation of a typical control device for thtogohg modulated CNT synapstor, which
has the entire CNT channel capped with a layerlgDA operated with a source-drain voltage,
Vgs = 0.2 V, is described iRigure 3.15. A single input spike, with amplitudeg\# 2.25 V and
duration of 1 ms, is applied on the gate electrolthe control deviceRigure 3.15a), which
generates a PSCigure 3.15b). The CNTs in the ADs; capped control device are n-type,
causing the device to behave inversely to the Sldgped control device and doping modulated
CNT synapstor, which have device channels comprigeottype CNTs. The positive voltage
input spike causes the device current of thg€dAktapped control device to decrease. When this
PSC flows to the integrate-and-fire (I&F) circuito output spikes are generated because the

preset threshold value is never reached.
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Figure 3.16. (a) A single input spike is applied on an excitataluminum oxide (AlOs) capped
control device of the doping modulated carbon nalo®t(CNT) synapstor. (b) The EPSC,

generated by the control device, is plotted vetisns.

The control device for the doping modulated CNTagpstor, which has the entire CNT
channel capped with a layer of 8, was also tested for plasticity characteristicsisTwas
tested in the same way as the doping modulated &Mapstor. A series of 50 tuning spikes,
with amplitude of 3 V or -3 V and duration of 1 mwsas applied on the gate electrode of an
Al,O3; capped control device under a source-drain volte#ge= 0.2 V. A reading pulse, with
amplitude of 2.25 V and duration of 1 ms, was aggpbn the gate electrode of the control device
between each tuning pulse. The resulting outputespigenerated by the I&F circuit, were

measured and recordeéigure 3.16a shows how the average frequency of output spilgs,
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changes with the total number of -3 V tuning pulapglied on the control device. As stated, the
Al,0O3; capped control device has a device channel coetpia$ n-type CNTs. Thus, positive
voltage pulses applied on the gate electrode ottimrol device decreases the device current,
below the preset threshold value of the I&F circmking it difficult to generate output spikes.
This is true in either case, tuning with -3 V oiW3jate pulses, making it difficult to find any
clear trends from the output spike frequencies.oBefstarting the tuning tests, with -3 V
amplitude gate pulses, the control device’'s baseturrent was high enough to trigger output
spikes. This can be seen kingure 3.16a. However, the positive voltage gate pulses quickly

decreased the device current below the threshdiceyvaringing the output spike frequency to

Zero.

9 1
s (b)
7
6

N s ~

T T

— —

5, 5

'-l—o '-l—o
2
1
0 0

0 10 20 30 40 50 0 10 20 30 40 50
-3 V Tuning Pulse N 3 V Tuning Pulse N

Figure 3.17. A reading pulse, with amplitude 2.25 V and dunatibo ms, is applied to the gate
electrode of the aluminum oxide (8)3) capped control device for the doping modulated
carbon nanotube (CNT) synapstor before each -3 ¥ ¥rtuning pulse. This sequence
was repeated 50 times. (a) The frequency of ouspikes, §., is shown versus the
number of applied -3 V tuning pulses. (b) The freqey of output spikesgd, is shown
versus the number of applied -3 V tuning pulses.
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3.8. Summary

A carbon nanotube (CNT) based synapstor, withractsire similar to a field-effect
transistor, was developed to emulate the biologgabhpse. The device channel was fabricated
by depositing a random network of p-type CNTs. Almm oxide (AbO3) was deposited, via
atomic layer deposition (ALD) at 90 C, on top offted the CNT channel. This converted the p-
type CNTs to n-type, creating a p-n junction in @€T channel, and a Schottky barrier at the
interface of the n-type CNTs and the gold (Au) draliectrode. The presence of the p-n junction
potential barrier and the Schottky barrier resulted reduction of the device’s baseline current.
This led to an improved ratio between the postsgoaurrent (PSC) and the baseline current,
decreased the power consumption of the deviceggapanded the plasticity and tunability range.
These doping modulated CNT synapstors were integjiato a neuromorphic circuit, along with
silicon (Si) based integrate-and-fire (I&F) ciraiitThese neuromorphic circuits could be scaled
up and emulate the biological neural network wiiphhspeed parallel signal processing, low

power consumption, learning, and memory properties.

81



References:

1. Indiveri, G., In A Low-Power Adaptive Integrate-aftte Neuron CircuitlEEE Int. Symp.

Circuits Syst. 2003, pp. 1V-820-1V-823 vol. 4.

82



CHAPTER 4 SUMMARY

4.1. Conclusion

Two carbon nanotube (CNT) based electronic deyiaadled “synapstors,” were
presented. These CNT synapstors were fabricateentolate the functions of a biological
synapse, capable of analog spike signal procesathgow power consumption. These synaptic
devices, like biological synapses, are capablegit| learning, and memory in a single element.
The CNT synapstors have a field-effect transidarcsure, utilizing a random network of single-
wall semiconducting CNTs as its conductive chanfibese CNT synapstors were integrated,
along with silicon (Si) based integrate-and-fire&K) circuits, to create analog spike
neuromorphic circuits. These neuromorphic circuitse developed with the goal of emulating
the biological neural network, capable of high spparallel signal processing, dynamic learning

and memory, and low power consumption.

The operation of such a neuromorphic circuit iscdided as follows. A voltage spike is
applied on the gate electrode of a CNT synapstatuding a change in the charge carrier
concentration. This, in turn, generates a postdynaprrent (PSC) via the CNT channel of the
device. The CNT synapstors can be excitatory abitdry, generating excitatory PSCs (EPSC)
or inhibitory PSCs (IPSC), relatively. Multiple inpspikes can be applied on individual CNT
synapstors, connected together in the neuromopidaits. The collective PSCs, generated by
the CNT synapstors, flow to a I&F circuit, whereyhare integrated with respect to time by a
capacitor. When this integration reaches a threstalue, an output spike is generated, and the

integration of the PSC restafts.
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The created CNT synapstors are scalable and attdgle with complementary metal-
oxide-semiconductor (CMOS) technology. The anafmgesneuromorphic circuit, based on such
CNT synapstors, could be scaled up to achieve kigrecessing speed superior to that of
supercomputers, while consuming far less power.hSmeuromorphic circuits could find
applications that supercomputers are still incapat, in fields such as unmanned aerial
vehicles, telecommunications networks, roboticsstrdiuted sensing networks, and voice

recognition.
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