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Abstract

Transition metal oxides, Tikand TaOs, are two of the most extensively studied wide bandgap
semiconductor materials (with high work functions). Due to their suitable band edge positions for
hydrogen evolution and exceptiorshbility against photocorrosion upon optical excitation, their
application in heterogeneous photocatalysis has attracted a lot of attention. These oxides are also great
components in the field of electronic devices such as field effect transistorgedislaand more
recently advanced memory devices. Here, we focus on ultrasmall nanoclusters (< 5 nm) and
nanocrystalline thin films of defecich TiO, and TaOs and their applications as higierformance
photocatalysts in photoelectrochemical water spjtteactions and as resistive switching materials in

memory applications.

The present work is divided into two main parts. In the first part, ultrasmall nanoclusters (below 10
nm) of defectrich TiO, and TaOs are synthesized using a gas phase aggregatibnique in a
nanocluster generation source based on DC magnetron sputtering. With a careful optimization of the
deposition parameters such as aggregation zone length (condensation volume), Ar gas flow rate,
deposition temperature and source power, weahle to produce metal/metal oxide nanoclusters with
a narrow size distribution. As most of thesegeswvn nanoclusters are negatively charged, it is
possible to conduct sizelection according to their masscharge ratio. Using a quadrupole mass
filter (directly coupled to the magnetron source), we achieve precissesergion of nanoclusters,
with the size distribution reduced to below 2% mass resolution. The nearly monosized nanoclusters so
produced are deposited onto appropriate substrates toaethie photoanodes for
photoelectrochemical water splitting application.

We demonstrate, for the first time, that the preciselysitected Ti@nanoclusters can be
deposited on Herminated Si(001) in a seffinding condition and they can be usedigh-h
performance photocatalysts for solar harvesting, with greater enhancement in the photoconversion
efficiency. Three different sizes of Ti@anoclusters (4, 6 and 8 nm) are synthesized with appropriate
combinations of aggregation length and Ar flow r&espite the low amount of material loading (of
~20% of substrate coverage), these supported fa@oclusters exhibit remarkable photocatalytic
activities during photoelectrochemical water splitting reaction under simulated sunlight (50 MwW/cm
Higher photocurrent densities (up to 0.8 mAfrand photoconversion efficiencies (up to 1%) with
decreasing nanocluster size (at the applied voltage.ap V vs Ag/AgCl) are observed. We attribute
this enhancement to the presence of surface defects, providirggeamount of active surface sites,

in the amorphous Tighanoclusters agrown at room temperature. We have further shown that the



incorporation of metallic nanoclusters with the semiconductor photocatalysts can enhance the
photoconversion efficiencyn this work, we have ecdeposited surface oxygen deficient@aor

TaQ, nanoclusters along with Pt nanoclusters of similar nanocluster size (~5 nm), the latter used as a
promoter. The electrehole pairs generated in the water splitting reaction cafffbetigely

separated and stored with the presence of Pt nanoclusters, while the increase in Pt loading as a
promoter can enhance the reaction by providing a large number of electron®taiddion.

However, loading too much Pt nanoclusters could agtuatiuce the photoresponse, which is due to
blocking of photosensitive Tg@urface by excess Pt nanoclustérdothcase, thephotoconversion
efficiencycould potentially be enhanced at least 5 times by increasing the amoamtadtister

loading from20% coverage to a monolayer coverage (e.g., by increasing the amount of deposition
time for TiO, and TaQ nanoclusters Evenhigherphotoconversion efficienayan be obtained with
multiple layers ohanoclustes andby employing nanoclusters with evenalhar size antbr with
modification bychemical functionalizationThese potential improvemerntsuld dramatically

increase the photoconversion efficiency, makimgse nanoclustsampledo be among the top

photoelectrochemical catalysis performers

In the second part of the present work, we employ deifgttnanocrystalline TiQand TaQ thin
films as active materials for resistive switching for memory application. Based on resistive switching
principle, memristive devices (or memristors) provide thigumcapability of multistep information
storage. The development of memristors has often been hailed as the next evolutievolatiien
memories, lowpower remote sensing, and adaptive intelligent prototypes including neuromorphic
and biological system One major obstacle in achieving high switching performance is the
irreversible electroforming step that is required to create oxygen vacancies for resistive switching.
Using magnetron sputtering film deposition technique, we have fabricated the hetibooju
memristor devices based on nanocrystalline, Bi@ TaQ thin films (1660 nm thick) with a high
density ofbuilt-in oxygen vacancies, sandwiched between a pair of metallic Pt electrodes (30 nm
thick). To avoid the destructive electroforming procasd to achieve a high switching performance
in the memristor device, we carefully manipulate the chamber pressure and ambient in deposition
chamber during deposition to generate the required highly oxygen deficient semiconducting films.
The films asdepaited at room temperatyrexhibit a crystallite size of-8 nm. In the fabricated
PU/TiOJ/Pt memristors, a high electric field gradient can be generated in théilfri@t a much lower
electroforming voltage of +1.5 V, due in part to the nanocrystatitere, which causes localization
of this electric field and consequently enhanced reproducibility and repeatability in the device

performance. After the first switching, consecutive 250 switching cycles can be achieved with a low



programing voltage of +0.V, along with a high ON/OFF current ratio, and long retention (up%o 10
s).

We further improve this TiPomemristor device by totally removing the electroforming step by
fabricating an electroforminffee memristive device based on a heterojunctiomfadte of TiQ and
TaQ layers. In the PUTi@TaQ/Pt architecture structure (with Pt serving as the top and bottom
electrodes), &igh-a dielectric TaQ layer is used téacilitate trappingand releasef the electronic
carriers while aTiO, layerprovides lowbias rectification as an additional oxygen vacancy source.
With the incorporation of TaQayer, the need for the electroforming step can be eliminated. More
importantly, the resistance states of the device can be tuned such that switcheentibe high
resistance state and the low resistance state can be achieved even smaller programming voltage of
+0.8 V. With the low leakage current properties of J,a@e high endurance (1@epeated cycles)
and high retention capabilities (up to®&)can be enhanced manifold with highly stable ON/OFF

current ratio.

In both memristor devices, four diff &mhaat junct
been evaluated according to their ON/OFF current ratio. We observe that the smallemistitie ju
size is, the higher is the current ratio. For the PY/Ma&0o,/Pt memristor, we have also analyzed the
thickness dependent effect of the switching behavior of devices with four differeptaya®©
thicknesses (10, 20, 40 and 60 nm) and g Ta@erthickness constant at 10 nm. The device with 10
nm thick TaQ (being amorphous in nature) shows unipolar switching with two SETs and two
RESETSs in one sweep cycle. This is in contrast to the bipolar resistive switching found in devices
with the thicker T®, films with a SET in the positive sweep and a RESET during the negative
sweep. We further demonstrate that resistive switching can also occur at very low programming
voltage (~50 mV), thus qualifying it as an ultralow power consumption device (~nWitdltile
non-volatile bipolar switching characteristics with high ON/OFF current ratio and low power
consumption make our devices best suitable for various analog and discrete programmable electric
pulses. With the simplicity in the construction, the perfamoe achieved for our memristors

represents the best reported to date.

This new class of defecich metal oxides nanomaterials with an ultrananocrystalline nature shows
solid promises for various catalytic and electronic applications and, also, the, Soghddle room
temperature device fabrication process makes this approach easily migratable further to transparent

and/or flexible devices.
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and the posannealed Ti@nanoclusters (6 nm), all on-8i, as the photoanodes, all with an

illumination area of 85 mnt under a 300 W X#¢amp d a power density of 50 mwW/ém(c) TEM
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images of 4 nm (left), 6 nm (center) and 8 nm nanoclusters (right) deposited directly on holey carbon
TEM grids, along with high resolution images shown as insets illustrating their respective degrees of
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Figure 3.9(a) Photoconversion efficiency (PCE) as a function of applied potdatiglfor TiO,
nanoclusters with thredifferent sizes as deposited or3Hunder illumination from a Xe lamp with a
power density of 50 mW/cm(b) Photocurrent density,, as a function o, for 6-nm TiO,

nanocluster in the dark (bottom line) and under illumination by UV light (obtaiitacaow pass

filter, second top line), visible light (obtained with an AM 1.5 filter, third top line), and the full
spectrum (without any filter, top line). The photoconversion efficiency of the water splitting reaction

Figure 4.1(a) Schematic diagram of the nanocluster generation source coupled with a quadrupole
mass filter for precise size selection (not drawn to scale). Two sources can besigmitégheously

to create a composite plasma consisting of two materials (Ta and Pt in this work) through magnetron
sputtering. The constituent atoms combine together in the aggregation zone to famd Pa

clusters, which are transported out of thgragation chamber through a 3 mm orifice by the Ar gas
flow. Generally, a large fraction of the clusters are positively charggedaff@Pt) so that a

guadrupole mass filter can be used to perform size selection of the nanoclusters (after exitihg throug
the orifice) based on their makscharge ratio. The sizeelected nanoclusters then enter into the

main chamber where they become partially oxidized and neutralized to forgnaraleposit onto

the substrate under sdééinding condition. The aggregat length (AL) corresponds to the distance
between the source and the 3 mm orifice, which can be varied to obtain different nanocluster sizes.
(b) Cluster size as a function of -4as flow rate for different aggregation lengths from 10 to 90 mm

(in step d 10 mm). (c) Size distribution as represented by the quadrupole collector current as a
function of nanocluster diameter for a fixed Ar flow rate of 20 sccm and variable aggregation lengths
from 10 to 90 mm (in step of 10 mm). The mode cluster size isatbfis the size for the peak

maximum Of each diStriBULION CUMVE..........ee e 64

Figure 4.2Near Gaussian nanocluster size distribution msfibr the Ta and Pt nanoclusters

obtained separately at (40 sccm, 60 mm) with the mode size of 4.7 nm each, where the quadrupole
collector current (left axis) is proportional to the cluster population of specific cluster size. The total
masses of the naaloisters (right axis) are also shown as functions of their diameters. The vertical
shaded area correspond to the segment of the cluster size distribution within 2% mass resolution as
selected by applying an appropriate set of AC and DC voltages on theippladnass filter........ 66

Figure 4.3Secondary electron SEM images of thedeposited Ta and Pt nanoclusters with

deposition paramets (30 sccm, 60 mm) obtained for Ta deposition for 30 min and Pt deposition for
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(a) 15 min, (c) 30 min and (d) 45 min. Inset of (b) shows the corresponding size distribution before
size selection, while the shaded area marks the portion of the nanschiegselected by the

guadrupole mass filter. (d) AFM image used to estimate the nanocluster size distribution by using the
heights Of the NANOCIUSIELS.........ccoi oo e e e e e e e e e e e e e e e e e e e e e eeese s 67

Figure 4.4TEM image of the (Ta@ Pt) nanoclusters directly ateposited on lacey carbon coated

TEM grid. The corresponding higlesolution TEM images of a Pt and a Ta@nocluster, each of 5

nm dia, are shown in top right@iottom right panels, respectively. The Pt nanocluster depicting the
interplanar spacing corresponds to Pt(111) plane, while thea@®@cluster is found to be
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Figure 4.5XPS spectra of (a) O 1s (b) Pt 4f and (c) Ta 4f regions for the,( PaDnanoclusters eo
deposited on a i substrate as a function of Ar SpUttering tiMe..............ooeeviiieemiiiiieeeeeeen 69

Figure 4.6 Schematic diagrams of the mechanism of photoelectrochemical water splitting reactions
for TaQ, NCs (5 nm dia.) (a) without and (b) with Pt NGsnm dia.) cedeposited on F6i. (c)

Photocurrent density and (d) photoconversion efficiency as functions of applied potential obtained for
a photoelectrochemical water splitting reaction in a 1 M KOH electrolyte, using thg, RO
nanoclusters suppod@®n HSi substrates as the photoanodes, all with an illumination area of 5x5

mn? under a 300 W Xe lamp coupled with an AM 1.5 G filter at a power density of 50 ni\(#aifn

Figure 5.1 Device fabrication and electron microscopic analysis. (a) Schematic representation of
device fabrication involving three maskless lithography (ML) steps. In ML1, an | bar pattern for the
bottam electrode is exposed to the photoresist. This is then followed by developmen®ih tulF
remove the photoresist for the pattern, spwttating with Pt, and finally the li#ff to remove the
remaining photoresist. This process is then repeated inwie2e a 60 nm TigJunction layer is
deposited in the patterned area whereas in ML3 is repeated with the same parameters for the Pt top
layer deposition. Once the device stacking structure is fabricated, the electrical characterization is
performed by congcting the microprobes to the top and bottom Pt electrodes while the switching
process is observed in the Til@yer. (b) SEM image of the array of devices with different junction
sizes (%5 pm?, 10x10 um?, 20x20 pm? and 5&50 pm?) fabricated on the saméip, and (c) selected
TiO, surface morphology in high magnification. (d) Photograph of the actual device. array....77
Figure 5.2Physcal characterization for Tighbased memristor devices. (a) Schematic esessional
view of the Pt/TiQ/Pt device architecture supported on a fDsubstrate. (b) TEM image of a

cross section of a typical memristor device, with the corresponding EDéatal maps (top right)

and highresolution TEM images of selected Pt and Ti€yions (bottom right). For each device, the

layer thickness of the top Pt electrode is 30 nm, while those for thea€i®e layer and the bottom
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Pt electrode are 60 nm. Artn thick Ti layer is praleposited immediately before depositing the

bottom Pt layer electrode on the i€l substrate in order to provide better Pt adhesion to the

substrate. (¢) XRD profile and (d) degdtofiling XPS spectra of Ti 2p region of a Tifllm as-

deposited on the Pt bottom electrode-geposited with a Ti adhesion layer, all supported on a

SiO,/Si substrate, shown along with the reference patterns for Pt FCC (PEIB#F-0644) and TiQ
tetragonal phase (PDF#-0080386) in ¢ and with thbinding energy locations of relevant Ti ionic

states in d. As T1 (in TiO,) could be reduced to metallic Ti by ion sputtering, we limit the sputtering
only to no more than 10 s. Precise manipulation of thgasrflow rate provides good control of the
oxygen vacancy defect concentration to make theg @tdive layer suitable for electronic transpogt.

Figure 5.3(a) SIMS depth profiles for the Pt/T{®t memristor with junction size of 580 um?.

Secondary ion mass spectrometry is used to examine the changes in the elemental compaosition in the
multilayered device as a function of sputtering depth. Differentedlcegions correspond to

different layers as mentioned on the top of each colored region. Evidently, there is a uniform
distribution of oxygen within the TiOmatrix while there is no oxygen diffusion into the Pt layer,

which accounts for the stability tie electrode. (b) UWis spectra in transmittance mode for the

TiO, film as-deposited and annealed on glass substrates. The difference in the transmittance is due to
the phase change with oxidation during annealing step. Ttepasited film is sentransparent

with the observed transmittance at ~8%, while annealing causes the sample to become more
transparent, with the transmittance increased up to ~30 %. This can be correlated with the phase
change from the more conducting Ti0 the more insulatin@iO, due to further oxidation during
ANNEAIING......oii it ettt et e e e e e e aaaaaaaaaaaeaananrrrrrre 80

Figure 5.4Memristive switching characteristics and mechanism of a typical@tAt device with a

51 5 ?janntion size. (a) (Upper) Current (1) vs voltage (V) curve for the first positive (activation)
sweep involving resistive switching at the electroforming voltage of +1.5 V. In the first negative
(initialization) sweep, the vaigecontrolled negative differential resistance (NDR) observéd at
0.9271.08 V is due to inhomogeneity in the electric field caused by vacancy gradient. Inset shows the
same 1V curve for the virgin state of the device (prior to electroforming). (Middle)s V profiles

(with [I] in a semilog scale) for the virgin and electroforming states, and (lower) corresponding

resistance vs V profile for the high resistance state (HRS) and low resistance state (LRS) in the

electroforming step. The resistanceisobsved t o be of the order of Mq

Schematic representation of the bipolar switching in the memory element. With the device initially
stayed in an equipotential state (the virgin state) with uniformly distributed oxygen vacangi¢s prio
any electrical bias, a positive biase(¥rotorming IS applied to create an electric potential gradient in

order to induce ionic drift of the oxygen vacancies. After this irreversible electroforming process, a
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negative bias is applied to return ttevice from the LRS to HRS. Following the interfdagpe

switching mechanism, the positively charged oxygen vacancies can be pushed towards (SET) and
away from (RESET) the interface through a conduit that covers the whole junction size, respectively,
by the positive and negative sweep biases. (c) Typivadwitching loop observed (without any
evidence of negative differential resistance) in normal SET (OFF to ON) and RESET (ON to OFF)
operations after the first electroforming ProCESS........uuiiiiiiiiii e 83
Figure 5.5Virgin and activation states of the memory devices witk%Bn” junction size. (a) In the
virgin state, the-V curve is obtained wh a sweep voltage:1.0 V) applied on either of the top or
bottom electrodes while keeping the respective other electrode grounded. Because of thpbasegle
TiO film, this interfacetype switching behavior is irrespective of the directional biashiestV

curve obtained with the bias applied on the top electrode (TE) [and the bottom electrode (BE)
grounded] is a mirror image of that obtained with the bias applied on the bottom electrode (and the
top electrode grounded). (b) During the device atitimastep, resistive switching is obtained at an
electroforming voltage of1.5 V andi 1.5 V for the device operated with BE and TE grounded,
respectively. The corresponding/Ibehavior also exhibits a negative differential resistance region
starting at 0.92 V and +0.92 V, respectively. The similar resistive switching behavior of the device
found when operated with both directions of the applied bias reveals the similar nature of the top
Pt/TIO, and the bottom Ti Pt INtEITACES. .. .cee ettt e e e e e r e e reraeees 84
Figure 5.6Junction size dependency, resistive switching endurance, and resistance state retention. (a)
|J| vs V profiles of memristor devices with falifferent junction sizes ¢& pm?, 10x10 um?, 20x20

um? and 5&50 pm?) after the electroforming step. The current densities (J) are found to be inversely
proportional to the junction size, which supports the interfgge memristive switching mechanism.
Among all four junction sizes, the best (i.e. highestHOMDFF current density ratio is obtained with
the 55 pum? junction. The lower current obtained for the device with the smaller junction size
promises lower power consumption as the device contiougs miniaturized. This is also

particularly promising for high density device manufacturing involving discrete SET and RESET
processes. The corresponding || vs V profiles in the@®®V region for all four junction sizes

(inset) illustrate the loer current but higher Olb-OFF current ratio found for the smaller junction
sizes, thus validating the lower power consumption performance for the device with a smaller
junction. (b) 1TV curves and correveltpgermmdgeofg | | | Vs
+1.0 V for over 250 consecutive SET/RESET cycles for the memristor device withpar®

junction size. (c) ON and OFF currents obtained at a small READ voltage of +0.25 V for the 250
switching cycles, where the writing is performed a&\(+1.0 V) and erasing atp¢ser(i 1.0 V). The

currents for both the LRS and HRS are observed to be very stable throughout the sweep cycles. (d)
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Current vs time plots to illustrate the retention characteristics of the memristive device observed at a
constat READ voltage of 0.25 V for the virgin state (before activation) and the ON state (after
activation). The current obtained after the activation is extremely stable for G\emlith a

projected device lifetime to be Well OVer 10 YEAIS...........uuviiviiiiiiieneeieeeeeeee e eeeeeeeaanns 86

Figure 5.7 Memristor response to electric pulses with short and long time widdhResistive

switching of the Pt/TiQJPt device indicating stable current response upon-g&ont potentiation

obtained with short electric pulses of +0.25 V amplitude (read voltage) applied for0.5sina5s
interval. (b) The corresponding current response uportienmg potentiation obtaed with stable ON

and OFF states for read voltages (0.25 V) applied for 300 s in a 300 s interval over a testing period of
10°s. (c) SET voltages of the PU/TBt device obtained at different sweep rategrtends to

become smaller almost linearly Wwithe smaller sweep rate. (d) Binary O¥F operation with

alternating +1.0 V and1.0 V pulses at different switching frequencies (30, 8, 1 and 0.1 Hz) and
corresponding pulse durations (0.03, 0.125, 1 and 10 s). Switching between the ON and OFF states is
highly dependent on the input parameters, where the SET/RESET window is found to be stable for

frequencies above a particular value (8 Hz in our case) i.e. for smaller pulse duration (less than 0.125

Figure 6.1 Device schematics and physical characterization of the RiMaQ./Pt heterojunction.

(a) SEM images of the device with 10x103jonction sizealong with the corresponding EDX
elemental mapping (b) indicating the relative quantities of Pt, Ti, Ta, and O. (c) Schematic diagram of
the multilayer architecture of the Pt/TiDaQ/Pt memristor device with specified thicknesses for

each layer. The thkness of the TaQayer is varied from 10 nm, while keeping the TiO

thickness the same (10 nm), to observe the, Ta@r thickness dependency on the electrical

behavior of the memristor devices. (d) XRD spectra of unpatternegdfilim®with four different
thicknesses (10, 20, 40 and 60 nm), as deposited on the Pt coall&i Sibstrates (peaks are

labeled with the ref. 60150244 for TaQ and 06001-1311 for Pt). It is observed that the 10 nm

thick film is amorphous in nature while the other filst®w nanocrystalline behavior, with similar
nanocrystallite size (~ 4.5 nm). (e) & (f) Depth profile with respect tmArsputtering in XPS

spectra for Ta 4f and O1s for the larger area of,JRiQayer deposited on Si3i substrate......... 95
Figure 6.2 Schematic diagrams of band structures in various states during the switching mechanism
in a Pt/TiQ/TaQ/Pt heterojunction memristooff (a) Virgin state under zero bias condition: For,TiO
and TaQ (solid line), band bending occurs due to smaller energy gaps of the vacancy defects in the
films (Red dotted lines shows the actual band structure of pugeahiDTaOs). (b) & (c) the driftof
oxygen vacancies with the applied positive voltage belgyyat BE. (d) At \&er, the conduction

band edge lowers further where oxygen vacancies may easily migrate to TE via tunneling and the
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device switches to LRS. (e) When the voltage is swept badkeses the oxygen vacancies are
pushed away from TE and the device switches back to HRS. The role,dayé®between TE and
TaQ layer is to provide an intermediate bandgap for the vacancies flow at lower energy. During
RESET, a trap level is credtin the TaQfilm which remains afterwards to facilitate the repeated
switching cycles by trapping Some Charge CarfierS..........ooviiii i ceeec e 97
Figure 6.3Electricall-V characteristics of Ti@TaO, based memory cell. (a) Electrical switching
characteristics of the 5x5 froell exhibiting the bipolar resistive switching with four different states,
inset shows the servg scale. (b) Current density wsltage plot for demonstrating the esize
dependency on the switching (SET) voltage. (c) The device could also be switched at ultimate low
programing voltage as low as 50 mV with around 300 nW power consumption. (d) Resistive
switching characteristicfahe Pt/TaQ/Pt memristors for comparison with the T/GaO,

heterostructure based memristors. It could clearly be noticed thdtcharacteristic follows the
exponential (Schottky) behavior within £2.0 V in case of Jh&sed memristors while for T aG,
based memristors, the SET states is achieved at +0.8.Vu.........ooooiiiiiieeniiiiiieeiees 99
Figure 6.4SET and RESET states dependency on physical pararf@t&i®,/TaQ, memristors. (a)
Two different switching mechanism for two different thicknesses of, Ta@r.(b) HRS and LRS
currents vs. TaQayer thickness for a 10x10 Gmemory cell at +0.5 V applied bias.............. 100
Figure 6.5Repeatability, endurance and retention capabilities of thg a0, memristor. (a)

Extremely high switching repeatability of over*Iiycles for the electroforminfyee cell with

junction sixe 10x10 pfand TaQ film thickness 60 nm. (b) Plot between current vs switching cycles
for HRS and LRS states showing the almost constant ON/OFF current ratio for over 1000 cycles at
the applied ks +0.5 V. (c) Remarkable retention capabilities of the 10xTcghwith 60 nm TaQ
layer in HRS and LRS at a small applied voltage (+0.5 V). (d) The highly reproducible electrical
behavior of the arrays of cells with same cell size, over the samslwwng the similar switching
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Figure 6.6 Programmable switching modes of Ti®aQ, memristors. (aRESET states of 8110x10

un? cell with 60 nm TaQlayer corresponding to different stopping voltages (+2.B5V). Inset

shows the corresponding SET voltages for different stopping voltage. The SET and RESET states can
be manually programed by using different stoppingag#s. (b) Binary switching in virgin state and
switching state exhibiting short term potentiation at an applied voltage of +0.5 V with 0.5 s interval
for 10x10 prd cell with 60 NM thick TAQIAYET .........ccoveveveeeeeeeeeemeeeeeeee et rmesaeeeee e, 103
Figure 7.1(a) TiO, nanowires decorated by 5 nm Pt nanoclusters and (b) CuO nanowires decorated
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Chapter 1

Introduction

Atoms are building blocks for all matters in our univers®ms and molecules combine together
because of their complementary shapes and charges thatedtriagnotheDuring the past decade,

the reduction in sizef functional architectures has baée prelominant trend in many fields of

science and technology. Structural size down to the nanometer scale leads not only to a
miniaturization of functional units but also to the development of new materials and systems with
unique physical and chemical propertikss because at nanoscale, where the dimension regime is as
low as a billionth of a meter (£m), the nanomaterials have a much larger surface area to volume
ratio (or specific surface area) than their bulk counterpart, which along with the quantumesize eff
forms the basis of their unique physiochemical propetidanotechnology, in traditionaknse,

involves building materials, devices, and appliances in tb@dlnm size regimes from bottom up,

with atomic precisiod.Numerous applications particularly in the field of energy and electronics
make nanotechnology an important attraction among researchers in various fields. There are whole
different classes of nanomatds but the general categories are divided into zero dimensional
(nanoparticles and nanoclusters), one dimensional (nanowires, nanotubes, nanobelts etc.), two
dimensional (thin films, nanowalls etc.) and three dimensional (nanoflowers, hanocagesexdc.) bas
on their nanostructures. Our work is mostly focused on zero dimensional and two dimensional

nanostructures.

1.1 Nanomaterials and Nanoclusters

One of the widely accepted unique properties of the metal nanoparticles such as Au and Ag (below
50 nm) is the sdiace plasmon resonance behaviahere the noble metal nanoparticles on the

surface of a dieladc produce collective coherent oscillation of free electrons in the conduction band
by the interactive electromagnetic field at a metal/dielectric inteffa&ecently, magnetic

nanoparticles have been used as magnetic resonance imaging contrasting agents to study signal
amplification in surface plasmon resonandaeyf canalso be used toonveniently conjugateith the
desired biomolecules on their surface because of their ability to offer the surface modification
chemistry, thereforenaking these nanoparticlé®e ideal candidates for chemigaiethanol, ethanol
andhydrogen) sensof8and biological (proteins, DNAs, peptides, virusss)sors. Transition metal

nanoparticles can also be used for magnetic separation of wattamisl



Nanoclusters are collection of atoms (more than one to a few thousands of atoms together), and
depending on the atomic sizes the size of the nanoclusters could range froamsoieter to 10 nm
in the diametet® Nanoclusters provide a direct link between the distinct behavior of atoms and
nanoparticle and that of bulk material§ransition metal and metal oxide nanoclusters (NCs) have
attracted a lot of recent attention due to their numerous applications in cafafjisiformation
storage'? biomedical'* sensors? and optoelectronié!’ and magnetic devicé8?° Nanoduster
assembliesan be usetb tune thematerials properties and lattice parameters through careful
selection othe constituenbuilding blocks by coupling physicaind chemicaproperties.
Nanoclusters could be categorized, based on their constituents, as single metallic, bimetallic or hybrid
nanoclusters. Depending on their synthesis techniques, the nanoclusters may have different shape and
crystalline phases. Accordingly, amorphous or crystalline nanoclusters can be created for different
application purposes. For example, amorphous NCshigthdensity of surface defects can be used
for defectdriven processes while crystalline surface can be used for processes in which defects would
degrade or adversely affect the efficiency. It is also possible to form NCs with a crystalline core

covered lg an amorphous surface layer of a few nanometers.

Size selectivity is one of the key parameters to studydapendent functional catalytic properties
of these nanoclusters corresponding to their specific surfacé’gréaln theearly 1980s, the
development of precise siaselected nanocluster molecular beam system has enabled cluster
formation with a wdkdefined size distributigrwhich has opened up new opportunities for
understanding ggshase reaction dynamics and catalysts. More recently, there is a growing interest in
the deposition of a thredimensional array of sizeelected nanoclusters (witmaarly monosized
distribution) on to different surfaces because of emerging applications in nanotecHfétadyr
work will focus on isolated sizselected nanoclusters (below 10 nm in dia.) and on thin film making

up of nanocrystallites (below 10 nm in size) basedransition metal oxides.

1.2 Transition metal oxides

Transition metals are the GroBgl2 elements in the periodic table with partially fillddgub-shell
(often called eblock elements)They have various characteristic properties such as colored
compound due tad-d electronic transition (charge transferjultiple oxidation states due tmall
energydifferencesdetween differenietastable ionistatesandhigh capacityfor binding witha
variety of ligands to provide transition metal compleXd® tansition metal and their oxides, at
nanoscalehave beemxtensively used in the area of homogeneous and heterogeneousisataly
because of their ability to adopt multiple oxidation states apdoucecomplexes by forming bonds

betweertheir surface atoms arnhble moleculareactats?® There is also a variety of other applications
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of nanostructured transition metal oxides. Jifanosructures (nanoparticles and nanowires) and

their composites with other metal oxides have been investigated to enhance the conductivity and
diffusion coefficient of the Lion in lithium ion batterie&’ It was observed that the diffusion length

of the Lkion is strongly dependent on the size of the nanopatrticles because of the increasing specific
surface area with decreasing particle size and thus with improving capacagrahcttivity.

Nanoporous Ti@was found to improve the diffusion length of Li ions, leading to a higher capacity.
Various chemical sensors have been fabricated usingZa8@0* and SnG* nanostructures
(nanowires, nanobelts, nanotubes) due to their easy synthesis, high sensitivity and good stability
compared to other metal oxidanomaterials. CuO and ZnO nanostructures have also been studied
for their photovoltaic application, in which dye sensitized solar cells (DSSCs) were fabricated using
the CuO/ZnO heterojunctions on ITO. Sri®also well known for its low UV degradationdihigh
thermal stability, which is strongly preferred in photovoltaic applicatfonstially, Ta,Os

nanomaterials were used as an antireflective layer in optical and photovoltaic davidethe last
decade itshigh dielectric constant made it a wkliown dielectric material in the electronic

industry* Transition metal oxides ke also been widely investigated in solar cell applications for
their tunable electrode work functions in maximizing the open circuit voltage. For example, TiO
Zn0, TaOs and ZrQ can be used as cathode buffer layer because of their low work functidas w
MoO;, NiO, CuO and WOs can be used as anode buffer layers due to their high work functions.
Transition metal oxides are given more importance over metals in the electronic applications because
thdr work functionsarehigher than those of metals and tregconsiderably less expensitlean
metalssuch as gold (Au) and platinum (Pdmong all the metal$?t has the highest work function

(5.3 eV), while V,0s hasawork functionof ~7.0 eV.

The present work is based on twidlee most popular transition metal oxides: T&bd TaOs.

Some of the physical and chemical properties o, B TaOs are listed inTablel.1.



Table 1.1 Important physical properties of Ti@nd TaOs.

Properties TiO, Ta,05
Molar mass (amu) 79.866 441.893
Density 4.23 g/lcm 8.37 g/lcm
Band gap 3.05 eV (Rutile) 39eV
Crystalstructure Tetragonal Orthorhombic
Dielectric constant 83-100 90-110
Refractive index (n) 2.488 (Anatase) 2.275

1.2.1 Nanostructured titanium dioxide (TiO5)

TiO, is a weltknown binary compound semiconductor that can form three different phases: rutile,
anatase and brookite. Most of the Tighysical and chemical properties are obtained in either the
rutile or anatase phag€igurel.1a&b) with the respective indirect bandgaps of 3.05 eV and 3.12 eV.
Due to its compatible baredge positions, high photocatalytic activity, high resistance to
photocorrosion, lowast, and lack of toxicityhigh biocompatibility) TiO, is also one of the most
studied transparent conductive oxideSynthesis of Ti@nanostructures has been conducted on
different substrates, including silicon, glass, sapphire, diamond and graphene by using either wet
chemistry methods including sgkl*® hydrothermal’ and electrochemical methods, or dry synthesis
techniques such as sputter coatirmfpemical vapor depositigh pulsed laser depositidtand metal
organic chemical vapor depositihA variety of TiQ,nanostructures, including nanowires,
nanoparticles, nanotubes, and nanowalls have been used in various applications such as cosmetics,
food industry, catalysis, hydrogen production by photoelectrochemical water splitting, chemical and

biosensors, and field effect transist4f$?



a Rutile

N o

Figure 1.1 Crystal structures of Ti© (a) Thermodynamic stable bulk Rutile unit cell of Tehd (b)
Anatase unit ceff”

1.2.2 Nanostructured tantalum oxide (Ta,Os)

In recent years, B®s has emerged as an interesting semiconducting material for various applications
in different fields of researchilts higher chemical stabilitthanother tansition metal oxides arits

high dielectric constanhakeTa,0s a greacandidatdor use as photocatalgtandas arelectront
componentn thin film transistorsaandfield effect transistors. Different deposition methaglsch as
sputtering ad physical/chemicavapor depositioyhave been used to prepaggiousTa,05

nanostructures such as nanowires, nanobelts and many other ldatatchcturesvhich have been

employed irsensing and lithium battery storage applicatiins

" Reproduced with permission from: Austin et.al. PNX®§ 105, 1721717221.Copyright (2008)
by The National Academy of Sciences of the USA.

5



1.3 Preparation Methods of nanoclusters/nanoparticles

A wide variety of techniques have beesed for the synthesis of metal and metal oxide nanoclusters
and nanoparticles. They can be generally divided into chemical solution based deposition and

physical vapor deposition methods.

1.3.1 Chemical solutions based deposition methods

Colloidal based wethenistry methods, seyel method and electrodeposition methods are some of
the more commonly used techniques to prepare metal and metal oxide nanoclusters in solutions.
Colloidal based methods (first proposed by Faraday in £8&@ based on the synthesis of
nanoclusters in the size range eé8@ nm, and they involveeduction of metal ions in solution the
presence of polymeric ligands or surfactants. The resulting colloidal metal particles (produced by
chemical reduction of metal salt) generally consist of a metallic core surrounded by a ligand shell,
protecting tle particlefrom coalescencéhe methodvas further modified by Turkeviéhin 1950,

who proposed that the mechanism involves stepwise nucleation, growth and agglomeration under
suitable conditions. Bimetallic and hybrid nanoclusters can also be prepared using this technique in
two different ways as follows. During the growthbifmetallic nanoparticles, the second step of

growth takes place by using the first metal seed layer as the nuclei for further growth while the hybrid
nanoparticles can be synthesized by preformingedaction in the solution containing both types of
colloidal metal particles. This process comes with an unavoidable drawback that the remaining
residue inside the nanoparticle film could affect the purity of the product and therefore material

sensitive applications.

Another commorpreparation methofbr metaland metal oxide nanoparticlesi® sol-gel method
(initially developed in 1960s)n whichthe material of interest is dissolved in a liquid in order to
bringthe producback as a solid in a controlled manf&Fhe process begins with sol formatioh
the so] a liquid with insoluble colloidatanoparticlesfollowed by developmerdf the nanoparticles
based geinduced byaggregation of théhese nanoparticle¥arious semiconductor nanostructures
with different morphologies have been prepared using thgesslynthesis?*°However, the main
disadvantage of this method is the use of a large quantity of organic solvent, which becomes

impractical for largescale productin intheindustry.

Electrochemical method is a casffective methodor preparing different types of metal and metal
oxide nanomaterials that are found in many applicafibfibe relatively lowtemperature synthesis
process offers potential for largeale production. This process is based on anodic electrodeposition

in an electolyte medium using a conventional thiglectrode electrochemical cell that consists of a
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working electrode (the substrate), a reference electrode (generally A ®ICI)) and a counter

electrode (typically a platinum wire). The estep process follogithe reaction:
M™(aq) +mH,0 2 M,04(s) + 2mH(aq) + né

Different deposition parameters, including the electrolyte concentration, deposition temperature,
deposition time, and pH of the solution, can be optimized to achieve different sizes, shapes and
morphologies. This process could be tioomsuming because of the slow deposition rate, and
depending on the electrolyte the final product could also come with unavoidable reaction residues that

may affect the properties.

1.3.2 Physical deposition methods

Thewetchemistry methods do not always provide the best reproducibility and consistency and the
resulting products are highly sensitive to the deposition parameters. Synthesis of nanocltéters (1
nm) and nanoparticles (M0 nm) using the physical vapormsition techniques has gained

immense interest because of its reproducible outcome. In physical vapor deposition, the source
material is promoted (atom by atom) into the vapor phase followed by their deposition onto the
substrates. Metal oxide nanoclustean be created by the reaction between the vaporgifdkese
desired metal and the oxygen gas during the deposition. Parameters such as the type of substrate,
deposition (or substrate) temperature, and the chamber pressure, flow rates and retusacfive
gases can all be used to control the morphology, dimension and crystallinity of the resulting metal

oxide nanoclusters.

Among the common physical deposition techniques for preparing nanostructured materials are
pulsed laser deposition, supangoexpansion through a pulsed valve, thermal abdaam
evaporation, and magnetron sputtering. In the pulsed laser deposition technique, the source material is
struck and ejected by the application of a powerful pulsed laser beam, and with the hedp GRidrg
as a carrier gas the source atoms get deposited on the suB$Fatemsedriven metal vaporization
occurs within a supersonic nozzle and the ejected megalryis carried out with a higlensity
helium (He) carrier gas prior to the full expansion of the vapor further downstt@arermal
evaporation and-beam evaporation techniques also work on the same principle where the source is
irradiated with heat and electron beam, respectively, and the metal particles are ejected and deposited

on the substrateé>?

Magnetron sputtering is a wekhown technique used for largeale production in industry, An
inert gas such as Ar is used as the medium to createsustdining plasma (energetic neutrals, ions
and eletrons) by a higkvoltage power supply, and the energetic particles in the plasma are used to
7



bombard a solid target to eject the source atoms into the gas phase. The source atoms collide with one
another in the gas phase because of their short mean finegnplathey tend to agglomerate and form
clusters around the nucleation point created by some of the Ar ions. A large fraction of the Ar gas is
nortionized and they further help in carrying the generated clusters towards the substrate. There are
two different types of sputtering methods: direct current (DC) sputtering and radio frequency (RF)
sputteringDC sputterings only used for conducting sources such as metdide RF sputtering is

useful for sputtering materials from the conductingulating and semiconducting targets such as

metal oxidesPhysical vapor deposition techniques, such as magnetron sputtering, are relatively
expensive as compared to solutidrased techniques but they have great advantages in terms of

purity, selectivity and repragtibility, in addition to the easy control of the deposition parameters.

Among all the physical deposition techniques, the magnetron sputtering technique is the most
commonly used thin film deposition method, because it can sputter materials with higly peitt
even at room temperature and it offers high yield. A large variety of materials can be easily deposited
using this technique and a high purity film can be achieved due to the required high vacuum
environment. Another advantage of this techniguibhat it preserves the composition close to that of
source material during the sputtering process because different elements spread differently (according
to their masses) but difference is constant. Once the source material arrives at the substrae, diff
nanostructures can be synthesized depending on the substrate morphology and geometry. This
technique has enabled creation of-gitaensional nanostructures by catalyst assisted yapod-
solid (VLS) and vapesolid (VS) growth on various substratey controlling such parameters as
targetto-substrate separation, carrier gas flow rate, nature of the catalysts, deposition temperature and

chamber pressure, and the magnetron input potwer.

A novel nanocluster generation instruméXanogen 5008leveloped by Mantis Deposition Ltd. is
based on the magnetron sputtering process in which an aggregation zone (condensation zone) is
coupled with the source. Tlgected particles from the source material (usually a metal) travel in the
long aggregation zone filled with Ayas where they collide with one another and agglomerate to
form the nanoclusters. These clusters exit the aggregation zone through a 5 nenamdEss
through a quadrupole mass filter before they are deposited onto the substrates. The mass filter can be
used to allow only clusters with a particular size to pass through it and to filter out the other clusters,
therefore enabling a precisely sizelected monosized cluster film to be deposited on a variety of
substrates. The size and shape of the nanoclusters are dependent on such faetars #ewArate in

the aggregation zone, aggregation zone length (condensation volume), magnetroovepuand



the AC/DC pole voltage ratio of the quadrupole mass filter. Details of the synthesis processes and

effects of various physical parameters are discussed in the experimental chapter.

1.4 Photoelectrochemical water splitting

Efficient utilization of solar energy is one of theémarygoalsin green energy technology and in the
guest for reducing the consumption of fossil fuels and the harmful effects of global wanhiiey
semiconductor materialsmployed in a photovoltaic diee are usedor solarlight to electricity
generation, semiconductor materials can also be used to convert solar energy directly to chemical
energyfor hydrogenproductionand such a process is known as the photoelectrochemical water
splitting reaction Unlike photovoltaics, this ia waterbasedorocess, in whicthe semiconductor
material,usedas an electrode, is immersed magueouglectrolyte andsunlightis used to

illuminate the entire photoelectrochemical cell to sugplgry for the watersditting reaction When
the semiconductor absorbs photons with eneiggieaer than its bandgap energy, electrons in the
valence band are excited to the conduction band. As a result, excited electrons and holes are
generated in the conduction andevale ands, respectively. These photogenerated charge carriers
thenundergathe appropriateedox reactions. The semiconductor material, to be used as the
photocatalyst for the photoelectrochemical water splitting reaction, musaha@emdgaghat

overlaps theeduction and oxidation potentiat/H, (0 V vs. RHE)and Q/H,0 (+1.23 V vs. RHE)
respectively. When a semiconductor electrode is immersed in an electrolyte JGlutioas watey)
electron transfer takes place between the semiconductor and thelydkesblution so that the fermi
level is equilibrated with the redox potential of the electrolyte solufimurel.2 showsaschematic
diagramof the water splitting mechanisi®r tzef” has summarized the effect of different metal

oxide systems on the photoelectrochemical mséitting reactions, as presented in Higurel.3.



Semiconductor Counter-
electrode electrode

Figure 1.2 Schematic diagram depicting thhotoelectrochemical water splitting mechanishere
the oxidation occurs at the working electrode to prodycet@reas reduction occurs on counter (Pt)
electrodeto produce H°*™

ARe produced with per mi s 2001pdas IBEF3MNCopy@ht (2002)dy M. , Nat L
Nature Publishing Group.
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Figure 1.3 Band positions of several semiconductors in contact with an aqueous electrolyte. The
valence band (lower edge) and the conduction band (upper edge) are separated with the bandgap (in
eV). The energy scale is with respect to the reverhialeogen electrode (RHEY.

1.5 Photoelectrochemical properties of TiO, and Ta,Os

1.5.1TiO,

Among all thephotocatalystnaterials developeth date TiO, remains the most promising material

for useas a photoanode for photoelectrochemical water splitting reaction becdisd@gif chemical
stability and lowcost production® In the 1970s, Fujishima and Honda investigated the water
photolysis, for the first time, by electrochemical decomposition of water using an electrochemical cell
with TiO, as the photoanode and platinum (Pt) as the photocathi®tieir success has motivated

researchers to study the photoelectrochemical properties ghamdstructures for solar light

YReproduced with per mi s 800lpins 3B&3MnCopy@ht (2004)dy M. |,
Nature publishing Group.

11

N a



harvesting for green energy application. They suggested that water can be decomposed into hydrogen

and oxygen by visible light without any external applied voltage following the scheme:

4E/ ¢cE2O4E ¢A ¢b (excitation of TiQ, by light) (1)
¢b (/9-/ G ( (at the TiQ photoanode) 2)
¢cA ¢ ( o (at the platinum photocathode) 3)

In the st three decadegsearchers have given enormous effontadvancing the
photoelectrochemical water splitting properties of Jm@nosructures (nanotubes, nanowires and
other hierarchical nanostructures) by developing various techniques. Khan et al. reported that
chemically modified Ti@nanoparticles, employing as the photocathode, exhibit higher
photoconversion efficiency as compatedhe asprepared Ti@nanoparticle§®®* Park et al. studied
the doping effect on the photoelectrochemical water splitting properties pha@i@tubes and they
observed that carbedoped TiQ nanotubes array can significantly enhance the photoconversion
efficiency®® Kitano et al. investigated the effect of Pt nanopasiceposited on TiQhin film for
photoconversion enhancement and they observed that with-theditg, the water can be
decomposed under visible light.Lin et al. created a TigTiSi, heterostructure system for high
efficiency photoelectrochemical water igjihg process$? Hartmann et al. conducted a comparative
study of the photolysis reactions by using Titin film photocathodes prepared by two different
mechanisms (nanoparticle based anegebbased) and they observed that thegebbased
mesoporous Tigelectrode provides 10 times higher photoconversionieffcy than their
counterpart, crystalline nanopatrticles based photoelectrode. Several studies reported the active surface
dependency of the photoelectrochemical properties of f@@omaterials, where different surfaces
were observed to exhibits differeattivities towards the water photolysis reactibAllam and
coworkers performed the nitrogen doping and palladium (Pd) alloying study emdmn@tube film
and attributed that the better enhancement in the photoelectrochemical water splitting properties is
achieved combinatorially’.Cho et al. have compared the performance of plain féorods with
branched Ti@nanorods for hydrogen production durimgter splitting®® They observediat the
branched Ti@nanorods exhibit manifold increase in the photoconversion efficiency as a result of the

four times increase in their specific surface area of the branching, as shélgarail.4.
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Figure 1.4 SEM images of Ti@plain nanorods and branched nanorods, along with their
photoelectrochemical water splitting properfi&s.

Wang and coworkers have shown tid@&ncement in water splitting properties of Ti@nowires
upon annealing in hydrogen environment at different temperatfuRes:ently, our group has
compared the photoelectrochemical water splitting properties of differepth@i@structures and
demonstrated that the photoelectrochemical water splitting properties can be greatly enhanced in the
visible solar spectrum by synthesizing and using defelsthanoparticlelecorated Ti@nanowires
as the pbtoanode, as shown Figure1.5.* To date, there has been no study on water photolysis
basd on ultrasmall TiO, nanostructures and their sidependent behavior in the water splitting
mechanism. Our work in the water splitting reaction is based opnriEi@bclusters in the size range of

4-10 nm, which we will present detailed sidependent pliolysis study for the first time.

$ Reproduced with permission from: Cho, I. S. et al., Nano Reit1, 11, 49784984. Copyright
(2011) by American Chemical Society.
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Figure 1.5 Modified TiO, nanowire (NW) and
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nanobelt structures and their photoelectrochemical
water splitting performance. (a) Photographs showing different appearahes®binaimensional
nanostructured films, (b) and (c) are photocurrent densities and photoconversion efficiencies of the

corresponding nanostructures as a function of applied poté&htial.

" Reproduced with permission from: Rahman et al., Energy Enviror2®k4 8, 33633373,
Copyright (2015) byRoyal Society of Chemistry.
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15.2 Ta.205

On the other hand,a,0s, with a bandgap of ~3.9 eWas attracted much recenterestas an
alternativesemiconductor material for photocatalytic reactigksthe redox potentials of H, and
O,/H,0 are well within he vaknce bandnaximumand conduction bangiinimumof T&0s, Ta0s
promises to be an higherformance catalyshaterial for solar water splittin Many different
approaches have been extensively investigated in order to achieve efficient photocatalysigOyith Ta
and these include developing nanostructures with different morphologies exhibiting large specific
surface area with small dimensiomdgbandgap engineering by dopiiogharvest the visible part of

the solar spectrum. The photcatalytic activities of different material forms,@§ &ge shown in
Tablel.2. Zhou et al. have studied water splitting properties assisted by visible light for an Indium
(In) doped T&0s thin film.®® In our work, we synthesize T@s; nanoclusters using the Nagen and
deposit them on a4tkrminated Si (F5i) substrate. The resulting photocathode has been found to
show enhanced photoelectrochemical water splitting efficiency with extremely small amount of

material.

Table 1.2 Ta,0s photocatalysts for solar water splittifif‘é.A

Cocatalyst Light Reaction
Catalysts Synthesis method (loading amount) source solution H, 0O,
Ta,05 powder Commercial NiO, (1 wt%) 400 W Hg Na,CO, 153 79
Ta,05 powder Commercial NiO, (1 wt%) 400 W Hg Pure water 190 99
Ta,05 powder Solvothermal None 400 W Hg 2-Propanol 610 NA
Mesoporous Ta,05 Ligand-assisted templating NiO (4 wt%) 450 W Hg Pure water 1030 544
Mesoporous Ta,0s Ligand-assisted templating and sol-gel NiO (5 wt%) 300 W Hg Methanol 914.65 NA
Mesoporous Ta,0Os Ligand-assisted templating NiO, (3 wt%) 450 W Hg Pure water 112 00¢ 5433¢
Ta,05 powder Commercial NiO (1 wt%) 300 W Hg Methanol 588 NA
Ta,O5 powder Commercial NiO (1 wt%) 300 W Hg AgNO; NA 48
F doped Ta,O5 spheres Co-precipitation and hydrothermal None NA Methanol 52.4 NA
Fe doped Ta,O5 Sol-gel Pt (1 wt%) 350 W Xe Methanol 700 NA
In,0;/Ta,05 Sol-gel Pt (1 wt%) 300 W Xe Methanol 3780 NA
CdS/Ta,05 Evaporation-induced self-assembly None 300 W Xe Methyl blue 10814 NA
and ion-exchange

Ta,05 nanotubes Anodization None 240 W Hg-Xe Ethanol 4900 + 320 NA
Ta,Os hollow spheres  Layer-by-layer assembly None 500 W Xe Methanol 7100 NA
Ta,Os hollow spheres  Templating Ni/NiO 300 W Xe Methanol 980 NA

@ Activity of the 1st hour.

A’SReproduced with permission from: Zhang et al., Chem. Soc.ZRéJ. 43, 43954422. Copyright
(2014) by Royal Society of Chemistry.
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1.6 Memristors

In addition to the aforementioned remarkalietocatalytic properties, Tihanostructures also

exhibit novel nanoelectronics properties. Until 2005, there has been little interest on their electronic
properties, especially the applications of Ji@nostructures as a memory material. After the firs

17

ever demonstration of a memory device based on fhi@ film by Strukov et al., there has been an

explosive interest in developing similar memory devices based on the nanostructures of TiO

Memris or s, a concatenat i on-teoninal devieesoategprized assaitypet or s 0,
of passive circuit elements that maintain a relationship between the time integrals of current and
voltage across the terminals. First postulated by Leon €mu&971, memristors are the fourth basic
circuit elements in the group of other three classical circuit elements, i.e., resistors, inductors and
capacitorsFrom the circuit point of viewthree basic twaerminal circuit elements are defined in
terms of & interrelationship betweetwo of the four fundamental circuit variables such as the current
(i), the voltage V), the chargeq) and theelectronicflux (). Out ofthe six possiblecombinations of
these four variables, five habeenwell-knownfor their interelationships as represented bekwd
schematically shown iRigurel.6a:

Resistor betweeX andi (dV = Rdi)
Inductor betweeid andi (d G- Ldi)
Capacitor betweegandV (dg = CdV)

Only one relationship betwedénandqis undefined. Like the other three, the memristor also
exhibits the impedance in the circuit but it is nohstant a&, L andC. The memristance, M, is
defined by:

d (FMdq
where M is a function off and therefore the circuit shows a nonlinear behavior.

The hallmark of all memristors is that when a sweep voltage cycle is applied to one of the terminals
while keeping the other one grounded, the device shows a pinched hystere$i lmmost basic
mathematical definition of a curreabntrolled memristor for circuit analysis is the differential form

with respect to time:

V=R(@)i

Y Ypinched hysteresis loop is a hysteresis loop witnerkeV curves never intersect the x andxes
except the origin, i.e. the current waveform should show zero when the applied sweep voltage is set to
zero.
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dg/dt = i

whereq is the state variable of the device and R is the generalized resistance that depends upon the

internal state of the device.

a b A

w
> v <

7 V q
._/W\’__. ._1 |_. ° IE)Oped Undoped I.

< — >
Capacitor D 7
dqg = Cdv

vdt

Resistor
dv = Rdi

dp =

Undoped:

dg =idt q D ) —NW—

Rorr
A
e
Ron

Inductor Memristor
dep = Ldi dy = Mdq
Y
Memristive systems RopwlD Rore(1- wiD)

Figure 1.6 (a) Schematic block diagram for all four fundamental-temninal cicuit elements:

resistor (R), capacitor (C), inductor (L) and memristor (M). Note that R, C, L and M are the functions
of the independent variable, yielding nonlinear elements. In the case of a charge controlled memristor,
this variable is a singlealued tinction M(q). (b) Schematic diagrams of a memristor device with two
different regions of oxide material (doped and undoped) when operated in the ON and OFF states.
Ron(W/D) andRorr(1-w/D) are the resistances in doped and undoped regions, respectivalywitie

the width of doped region ardlis the width of the dielectrit’®

Electrical switching in thidfilm devices (especially metal oxide semiconductors) has recently
attracted a lot oéttention because of its functional scaling capabilities. Memristors are basically the
electrical switches that provide two different resistance states with respect to the voltage applied to
the circuit. Based on the switching mechanism, the memristorseckamngely divided into two
categories. Aniofbased devices include the oxide insulators, such as transition metal oxides, complex
oxides, large bandgap dielectrics and somemades such as nitrides and chalcogenidé$in this
category, the oxygen vacancies are the mobile species and the switching mechanism is therefore

basedn the resistance change in the oxide material where changes inetiee\sthtes in electrode

%8 Reproduced with permission from: Strukov et ldafure2008 453 80-83. Copyright (2008) by
Nature Publishing Group.
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metal occur as a result of the motion of these vacancies. We have listed various functional metal

oxides and categorized them according to their unipolarpotdsi switching™ characteristics along

with their performance data, as showTable1.3. Our motivation behind fabricating bipolar

memristive devicebased on TiQand TaQis theresistance ratios between high resistance state and
|l ow resistance

in our experiments. For examptp,Rin ourdevicesis 260,the retentionimes are 10s whereas the

endurances are over’10

In cationbased devices, one of the electrodes is made of an electrochemically active material and

state

( ®PR)

and t he

retent.i

on

the mobile species in this case are metallic cations. The insulating materials in this category are

eledrolytes such as sulphides, iodides, and seleritdés.

Table 1.3 List of functional oxides used in redox resistive devices suitable for adaptive electronics

applications. TE and BE represent top electrode and bottom electrode, respectively.

Oxide | TE-BE | gqR = Ron/Rorr | Switching Speed Retention Time (s] Endurance] Ref.
Binary, Bipolar

CoO | TaPt 10° 20 ns - 100 78
HfO,/ | TIN-TIN | 10° 5ns 100 @ 27 °C 10° 79
TiO,

TiO, | PtTiN 10° 5ns 100 @ 85 °C 10° 80
ZrO, | TiN-Pt 10 1ps 10 @ 27 °C 10° 81
Binary, Unipolar

HfO, | PtPt 107 - 10°@ 27 °C 140 82
NiO | PtPt 107 5 s 10" @ 90 °C 10° 72
TaO, | CuPt 107 80 ns 10° @ 90 °C 100 83
TiO, | PtPt 10 - - 25 84
WO, | TiN-W 4 300 ns 10' @ 100 °C 10’ 85
ZnO | PtPt 10 - - 100 86

A typical memristor device consists of an electrochemically active metal oxide thin film

sandwched between a pair of top and bottom metal electrodes, where the sandwiched layer is

t

responsible for switching. After three decades of theorizing the existence of the memristors, Strukov

et al. in 2008 were able to produce, for the first time, a workiodetmof memristor device based on a

sandwiched Ti@thin film between a pair of Pt layers. They found that the switching mechanism in

™ In unipolar switching, the device switches to ON and OFF with the same voltage polarity while in
bipolar switching, an opposite voltage polarity is required to switch the device ON and OFF.
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the device between ti@N and OFF states are due to the flow of oxygen vacancies within the TiO
matrix between the top drbottom Pt layer& As the oxygen vacancies are positively charged, they
act like ntype dopants. The area with the higher density of vacancies behaves as a doped region and
is conducting in nature, ile the counterpart is undoped and is therefore insuldiggre1.6b

shows the behavior of the switching matrix with the flow of oxygen vacandieshe voltage

applied at one electrode with the respective electrode grounded, which lead to two resistance
variables Rony andRorr. As the doped region increases or decreases with the applied voltage sweep,
the device is in the ON state when the full len@tifcorresponding to the film thickness of the
sandwiched layer) has a high concentration of dopants, and vice versa for te&at@FFhe total
resistance of the device can be calculated usgagaRd Ryerand the thickness of the doped region,
w(t).

Vo) Y — Y p — @ Q)
—  — ®)

which vyields the following formula fom(t)
bo t —no (€)

where |4 is the dopant mobility. By combining Equations 1 &the memristance M(q) of the

device can be obtained. Sincg-R>> Roy, the equation simplifies to:
on Y p —no 4

M(qg) becomes very large and significant when the thickness of the film scales down. It therefore
becomes very important for understanding the electronic characteristics of the devices in the

nanoscalé.**

Yang et af’ performed a set of experiments on a sirgyestalline rutile TiQ bulk crystal with the
bandgap of 3.0 eV in a Pt/TiPt memristor. They first created an oxygesficient TiQ layer near
the surface by annk#ag the crystal in a reducing environment. These oxygen vacancies then
transformed the wide bandgap insulating oxide into an electrically conductive doped semiconductor.

After the deposition of Pt pads on the top and bottom surfaces, the electricalesizatan was

A AI‘l_'quations are reproduced with perrossform: Strukov et al., Natur2008 453 80-83.
Copyright (2008) by Nature Publishing Group.
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performed by applying the voltage on one Pt electrode with the other Pt electrode grounded. All four
possible combinations were tried and the resulting four different-gqtatii electrical endtates of
the devices are shown Figurel.7.
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Figure 1.7 A family of device states exists when two dynamic metal (Pt)/semiconductg)) (TiO
junctions are operated in series exhibiting four different cuwreltdge characteristics. The interface
with metal and insulating oxide interface led with low oxygen vacancy concentration behaves as the
Schottky junction where the device works as ometifier. The metal and conducting oxide interface
behaves as Ohmic junction led by high oxygen vacancy concentration, where the band bending
facilitates the drift of charge carriers and the device exhibits shunted réétifiér

The sara group later expanded on the concept and fabricated a 1x17 array of crosspoint
nanodevices with a 30 nm thick Pt film and 120 nm thick,Til@n and showed that the nonlinear

electronic transport is controlled by the oxygen vacancy doped metal/oxidadateEigurel.8).

Y'Y Reproduced with permission from: Yang et al., Adv. N09 21, 37543758. Copyright (2009)
by Wiley Publications.
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Figure 1.8 (a) An AFM image of an array of 17 crosspoint nanodevices with aBi@atfpitch. The
thickness of the insulating TiQayer is 50 nm. (b) The initid}V curve of the device in its virgin

state (preswitching state) exhibits a rectifying state. (c) Experimental (solid) and modelled (detted)
V switching curves of the device for 50 cycles showing the pinched hysteresis loop for the ON and
OFF sg%rgs (bottom inset shows the-$ogle switching) with the top inset depicting the equivalent
circuit.

There are various reports describing the switching mechanism based on different types of
sandwiched thin films. Generally, there are two types of switching mechanisms in the memristor
devices. One is based onftleind diffusion of the oxygen vacancies, which are thermally created by
Joule heating. The other mechanism involves the formation and rupture of a conducting filament (a
small vertical column between the top and bottom Pt electrodes) of the edgfigient phase. It is
possible that both mechanisms couleesist and different mechanisms could become the
predominant one in different material systems. Transition metal oxide films have proven to be the
best materials for the memristive applications as gosgess many thermodynamically metastable
intermediate oxide phases which are conducting in nature, and the resistance state of the oxides can

therefore be tuned by creating and manipulating these phases.

According to the driving forces during the memristswitching, the switching behavior of
memristors can be divided into four categories as described by Yang et al. in their revieW article.

Depending on whether the switching is thermal dominatedestricfield dominated, the respective

888 Reproduced with permission from: Yanigaé, Nature Nanotechnolo@008 3, 429433,
Copyright (2008) by Nature Publishing Group.
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switching behavior could become unipolar/saiar or bipolar. Schematic diagrams of these
switching scenarios are shownRigurel.9. Generally speaking, the switching tends to be bipolar if

the electric field plays a significant role and nonpolar if the thermal effects are dominant.

Field dominating Thermal dominating

c
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Figure 1.9 Schematic diagims of the internal switching phenomena as governed by the nature of the
conduction channel: (a) Electtield-dominating bipolar nonlinear, (b) electfield -dominating

bipolar linear, (¢) Joukaeatingdriven nonpolar bstable, and (d) Joueeatingdriven nonpolar
threshold. Inset of each schematic shows the cuwmatitge loops corresponding to the switching
behavior?™™

An essential feature of the memristive switching device igléeroforming step, in which a
relatively high voltage (@0 V) is applied to the device in its virgin state to create the oxygen
vacancies as a result of Joule heating in the perfect crystal. Once the electroforming step is over, the
device is activatednd stable switching between the ON and OFF states is enabled with appropriate
applied sweep voltage.

Recently, there has been an increasing interest towards the advancement in the memristive
switching properties of the metal oxide films sandwiched betaqmir of metal electrodes. As
stated above, the Tibased memristors show nonpolar/unipolar resistive switching dominated by the
Joule heating at a high applied bias. Using high resolution transmission electron microscope, Kwon et
al. observed that due Joule heating at high temperature, a small vertical column of thdilhQs
converted to a conducting oxygdeficient ThO,,, phase (often known as the Matjrphase),
which is responsible for the device transitioning from the high resistaneg4R8) to the low
resistance state (LRS) i.e. the device switches from the OFF to ON’Jth&sy. concluded that the

Magreli phase is a thermodynamically stable phase with a uniform distribution of oxygen vacancies,

" Reprinted with permission from: Yang et al., Nature Nanotechn@0@g 8, 13-24. Copyright
(2013) by Nature Publishing Group.
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and therefore with increasing oxygen vacancies the formatibtagfeli phase will be
thermodynamically favorable. Celano et al. used conducting AFM tomography to image the surface
upon slicing the metal oxide film (4Ds) layer by layer, in order to identify the region of the

conductivefilament, as shown iﬁigurel.lO.91

C-AFM C-AFM TOMOGRAPHY
t t t

)
Topography 50 C_AFM

Removal
L )

Figure 1.10 Layer by layer conductive AFM tomography to observe the filamentary structure in
Al,O3 based memristors. Theade bar in Figure 1.10d is 80 nm and the average space between each
slice is ~ 0.5 nni* A A~

Many reports have discussed the presence of a negative differential resistance during the resistive
switching due to the metatsulator phase transition. Pickett et al. and Alexandrov et al. proposed a
model forthe coexistence of memristance and curcemitrolled negative differential resistance in
the metal/oxide metal system, and further suggested that the evolution of the negative differential
resistance is a thermodynamic process from the locally condfitdivents parallel to the current

flow, %293

The thermal dominating electroforming process for the conductive filament formation is less
desirable in th switching mechanism due to the asymmetric distribution of temperature during Joule
heating. The subsequent device behavior may completely change with the repeated cycles and the

device performance could degrade fadtétThe result is that in effect each and every device has to

AA’\’I'-\'Q‘eprinted with permission fronCelano et al., Nano Let2014 14, 24012406. Copyright (2014)
by American Chemical Society.
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go through the electroforming steparder to perform the switching afterwards, which is a-high

power consumption process. Since Higimperature electroforming is basically uncontrollable and it
varies significantly from sample to sample or even within devices on the same chip, thetenaee i
efforts to reduce the electroforming voltage in order to fabricate a long lasting memristive device with
low power consumption and stable performaficéln an effortto increase the stability and

performance of the memristorsanoparticles such as ZnO nanocry$talRt nanocrystal$®® and

iron oxide (FeOs) nanoparticleS have been useak the sandwiched materialsusedfor embedding

into metal oxide thin film.

Though, TiQ based memristors have been proven to be excellent memory devices in terms of
ON/OFF resistance ratio and switching sp&atiey lag behind in terms of the lifetime and
endurance because of leakage current in every repeated ggdie akygen evolution. As a result,
the performance degrades in successive cycles due to this corrosion effect. Recently, many groups
have attempted to incorporate higldielectric materials such as;tg, V,0s, and HfQ to overcome
the issue with the skage current and thus to improve the endurance of the d&Vic¥dviao et al.
have shown a high repeatability in the switching behavior by using aldg€d as the switching
mateial that contains a high density of btiilt oxygen vacancies but each device has to go through
the highbias electroforming proce$$.Kim et al. have reported the neslectroformingfree
switching behavior by d@ing Si into the T#0s based memristord? Other groups have also been
trying to create an electroformifigee memristor device to avoid the hiblas electroforming step
and to lower the power consumption. However, these efforts couldeatytd operating voltage
range of still up to a few volts, which remain too H§fi®®Several of the key steps towards making
the electroformingree memistors involve creating buifn oxygen vacancies, doping and multilayer
stacking(Figure1.11).2°>'"The present work will address the challenges towards fabricating the low
power consumption electroformifigee memristive devices based on J#dd TiQ/TaO
heterojunction multilayer structures with high repeatability and lifetime.
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Figure 1.11 Resistive switching structure of the,0g,/TaO, device. (a) Schematic representation
of the multilayer structurevith the movement of internal oxygen vacancies responsible for switching.

(b) SEM images of the 30m crossbar device array. (c) TEM image of the crossbar device stacking
(d) typical bipolad-V switching behaviot?¥ ¥ ¥ ¥

VY IReproduced with permission from: Lee et al., Nature Mate2i4, 10, 625630. Copyright
(2011) Nature Publication Group.

25



1.7 Scope of the Thesis

The general objective oféhpresent work is to develop novel nanoarchitectures based on transition
metal and metal oxide materials, particularly F&0d TaOs, and to develop their applications as
photocatalysts and memristor components. The common goals for these materiaiseate efeet

rich crystal structures with controlled oxygeacancy concentration and hybrid materials to be used
in various applications. In the first part, we prepare dtrall nanoclusters of TiQwith different
morphologies and nanocrystalline bgfors, and investigate their application as photocatalysts for
photoelectrochemical water splitting. In the second part, we fabricate memristor devices based on
metal/metal oxide/metal device structure and evaluate their cimoltage behavior based time
transition metal oxides as the switching material sandwiched between two metal electrodes. In this
chapter (Chapter 1), we present a short introduction to transition metal oxides and their unique
properties, along with a brief literature review focgsom the common physical and chemical
synthesis methods to produce metal and metal oxide nanoclusters. After a brief introduction to the
photoelectrochemical water splitting process and the key parameters, we then reviewed recent
important studies of Tigand TaOs nanostructures used for photoelectrochemical water splitting
reaction. In the latter half of Chapter 1, we discussed the memristors and their rhasaéal

switching mechanisms, along with a review of recent studies on achievable device performance.
Chapter 2, we briefly describe the experimental procedure used to synthesize the metal/metal oxide
nanoclusters and thin films, along with a more detailed discussion about the deposition parameters.
We briefly outline the working principle of the charactation techniques used to study their
morphologies, crystal structures, and cheragtate composition properties. Characterization
techniques for investigating the opticallectricaland photoelectrochemical properties are also given.
We have also desbed the micro/nanodevices fabrication techniques and the process parameters

relevant for memristor device work.

We present our data in the next four chapters. We describe the synthesis and characterization of
precisely sizeselected Ti@nanoclusters (Chagr 3), TaOs nanoclusters and edepositedTaQ,, Pt)
nanoclusters (Chapter 4) deposited on various substrates using-tumdassation technique VizC
magnetron sputtering. Detailed studies of the resulting morphology, crystal structure and ehemical
state composition properties of these nanoclusters obtained by manipulating key growth parameters,
including Ar-gas flow, condensation zone length (aggregation length), deposition time, input power
and AC/DC voltage sets on the quadrupole mass filter,iaea.gNe then investigate and evaluate
the sizedependent photoelectrochemical water splitting properties of @i TaQand(TaQ,, Pt)

nanoclusters. The density of Pt nanoclusters has also been varied in the latter case in order to examine
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their effecton water splittingOur results show one of the highest photoconversion efficiencies for
such nanocluster systems with a very low amount of material loading which is also well comparable
to the other photocatalytic materials without any post modificaliba.performances could easily be
improved by increasing the nanocluster loading onto the substrate or chemically modifying the

nanocluster surface or both.

Chapter 5 presents the study of nariatile memristor devices based on nanocrystalling T
film as the switching material in the Pt/Ti@t system. After detailed discussion of the fabrication
process and the parameters used for the multilayer stacking, we present the underlying mechanism of
resistive switching with high ON/OFF current ratiosspgecial interest is the dependence of switching
behavior on the junction size and this aspect will be investigated with devices with appropriately
fabricated junction sizes. Our result shows the lowest electroforming voltage (1.5 V) ever reported for
the TiO, based system, with remarkably high retention capabiliti€ssjl@he high repeatability,
high endurance and very high retention qualities are attributed to the low electroforming voltage
because of the nanocrystalline nature of the, Til®.

In Chaper 6, we present the further studies on the enhancement of the memristive switching
properties by incorporating a highly oxygen deficient JE@er as a source of oxygen vacancies.
The currenvoltage characteristics of the devices exhibit an electrafgrfnee nature, where a high
bias is not required to perform the high power consumption, irreversible electroforming step to turn
the device ON for the first time. This is a significant result where the combine effect,didO
TaQ, layers are stackedgether to form the electroformisfgee memristive devices for the first time.
The high repeatability, very high endurance and iigh retention capabilities of the
PU/TiO/TaQ/Pt device is attributed to the nanocrystalline nature of all the filmsoeata high
dielectric constant of Ta@dilm, which significantly reduces the leakage current and thus enhancing
the performance stability. The similar SET voltages for hundreds of devices fabricated on the same
chip describe the reproducibility of the mesitors. In addition, the thickness variation of the TaO
layer, while keeping the TiQayer thickness same, leads to two different switching mechanisms,
which are elaborated further in this chapter.

Finally, we summarize, in Chapter 7, our conclusiorts@mments on future work.
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Chapter 2

Experimental Details

This chapter summarizes the experimental techniques that are used for synthesis and characterization
of metal/metal oxide nanoclusters and thin films, and the fabrication techniques used to fabricate

micro/nanodevices.

2.1 Synthesis and Deposition of Metal/Metal Oxide Nanoclusters (NCs)

The metal/metal oxide nanoclusters are deposited by using a novel NC generation source based on a
gasphase aggregation technique, in which the source atoms are spufténedsource target by DC
magnetron sputtering into an aggregation zone where they condense and aggregate to form clusters in
nanoscale rang€® There are many parameters that can be optimized to achieve the selectivity in
terms of size, shape and properties of these N@gresolution quadrupole mass filter is coupled

with the system to perform the size selection on the nanoclusters in the gas phase before depositing
onto the substrate. Depending on the material, the range of the NC size (diameter) can be varied from
assmall as 1 nm to 15 nm by varying the deposition parameters. These parameters are carrier gas
flow, aggregation (condensation) zone length, source current supply, deposition or sample
temperature, pressure and AC/DC voltage ratio (U/V ratio) on the quadnmnass filter. The

working principle and effect of each parameter will be explained in the following sedfignse2.1

shows the photographs thie nanocluster generation source (Nanogen 500, Mantis Deposition

Ltd.)** used in the present work. Housed in the bottom chamber of the Nanogen $jgtes?(1a)

is the NC generation source that consists of a trio head where three different metallic sources (each 5
mm dia., 3 mm thick) can be installed and they can be ignited onestfpiomultilayer deposition or
simultaneously for caleposition. The quadrupole mass filter is housed in the top chamber of the

Nanogen systent{gure2.1b) and is used for the precise stmdection of the NCs.

Gasphase aggregation technique is based on the principle of emission of source atoms under
plasma sputtering. A plasma is generated when the molecules of an inert gas, such as Argon (Ar), are
field ionized with the applied bias. Guided by a DC magnetic field, theAs strike the source
material and sputter off the source atoms. These source atoms then travel through the aggregation
zone where they collide with one another and agglomerag¢htergto form the nanoclusters, which
then leave the aggregation zone through a 5 mm orifice. Precise size selection of the nanoclusters is
achieved just before exiting from the orifice by applying a set of appropriate AC and DC voltages on
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the diagonal ple pairs of the quadrupole mass filter. The size distribution curve corresponds to the
collector current collected as a function of the nanocluster size on the quadrupole mass filter. A
particular set of AEDC voltages allow clusters of a particular siaddllow an appropriate

oscillatory path to pass through the quadrupole, exit the orifice, and deposit on the substrate placed at
30 cm above the quadrupole mass filter. Clusters of all other sizes follow different oscillating paths

that do not lead to therifice and these clusters are lost inside the Nanogen chamber.

(a) Bottom Part (b)

Tpp Part
o

Nanoclusters

“’: :.:o. Bl
3 ey

Substrate

Trio Source Head Quadrupole Mass Filter

Figure 2.1 Photographs of different parts of Nanogen nanocluster generation source. (a) The bottom
chamber (top left) houses the source hgattom left). (b) The top chamber (top right) contains the
guadrupole mass filter (bottom right). The NCs get deposited onto a substrate placed 30 cm in front of
the exit (orifice)®®

2.1.1 Effects of Nanogen parameters on the nanocluster synthesis

2.1.1.1 Gas flow:

Argon flow plays an important role during the growth of NCs in three ways. A certain amount of the
Ar atoms, depending on the applied bias, undergo field ionization to generate the plasma for
sputtering the source material, while some act as the nucleagéds & the gas phase for the
nanoclusters to grow and the majority of the atoms work as the carriers to transport the nanoclusters

towards the orifice. Low Ar gas flow rate provides less seeds for NCs to grow while at the same time

8358 \www.mantisdeposition.com/
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the kinetic energy otie asgrown NCs becomes smaller inside the aggregation zone. Consequently,
the clusters stay in the aggregation chamber for a longer time and become bigger, which leads to a
larger cluster size. On the other hand, higléw rate causes the gsown clusers to sweep away
quickly through the orifice and they do not have sufficient time to agglomerate further, which leads to

a smaller NC size.

2.1.1.2 Aggregation zone length:

Aggregation zone length is the second most important parameter that controls the Nargéeze.
aggregation zone facilitates a greater number of collisions among the NCs before they exit from the
orifice, which results in the larger size of the NCs so produced due to agglomeration. A smaller
aggregation zone length does not provide enoughftme high number of collisions and therefore

the size of the NCs becomes smaller.

2.1.1.3 Source current supply:

Source bias also plays a decisive role for the size and shape ofgitesvasnanoclusters. A lower

applied bias creates a lower intensity plasmatherckfore a smaller amount of sputtered source
material, which leads to a lower number of atoms available for collisions and agglomeration to form
bigger NCs. A low bias therefore generally produces smaller NCs and conversely a high bias creates
larger NG. In terms of cluster density, a high bias generates a higher cluster density because of the

higher sputtering rate.

2.1.1.4 Deposition temperature:

Nanocluster agglomeration rate during deposition on a substrate depends upon the deposition
temperature (i.e., ssbrate temperature). A higher substrate temperature provides more energy to the
NCs impinging at the substrate surface, enabling the NCs to more efficientygatize on the
substrate. On the other hand, at low temperature or room temperaturegtbwrasanoclusters

undergo soft landing on the substrate with minimal further movement.

2.1.1.5 AC/DC voltage ratio of quadrupole mass filter:

A quadrupole mass filter is used to perform size selection of NCs obtained-plyagesaggregation
according to their mado-charge ratio. The quadrupole mass filter consists of four cylindrical

metallic poles of equal length and diameter appropriately placed to create an oscillating field. A set of
AC and DC voltages can be applied to diagonal pole pairs to create tinestdtic field that

facilitates a charge particle with a specific chamenass ratio to follow a wellefined oscillating

path. As the agrown NCs leave the aggregation zone and enter the mass filter region, only NCs of a
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particular chargeo-mass rat (preselected by the appropriate AC and DC voltages) are allowed to
pass through the mass filter following the appropriate oscillating path, while others would impinge
into the mass filter and other parts of the chamber and would therefore be blockegaftbing the
substrate. Only the nanoclusters with the correct chargeass ratio could reach the substrate and
the resulting NCs so deposited are essentially asimemd withint0.2 nm. The size distribution of the
NCs corresponds to the collector catreneasured on the mass filter. By monitoring the collector
current, size selection can be performed in real time by applying AC and DC voltages with the
appropriate ratio that corresponds to the mode cluster size during deposition.

Once the nanoclustersgs through the mass filter, they are collected on the substrate positioned in
front of the quadrupole mass filter. Different physical parameters can also be varied on the substrates
to control how the nanoclusters arrange themselves upon landing. Theseteas are deposition
time, substrate temperature, bias and conductivity.

2.2 Deposition of metal or metal oxide thin film

The main vacuum system connected to the Nanogen source used for depositing nanoclusters also
houses two RF and two DC magnetron spirtesources that are used for ultrathin film deposition.

Due to the availability of the RF bias (and the RF sputtering sources), even metal oxide targets can
easily be sputtered, allowing metal oxides (and dielectrics and insulator materials) to bedeposit
Four different source targets can be sputtered in various combinations simultaneously or all together
to achieve controlled intermixing and/or sequentially one by one to create multilayer heterojunctions.
Multiple mass flow controllers are connectedhe sputtering sources in order to control the various
gas flow rates and ratios in the chamber during deposition. Some gases (suoh lde)Nan be

used for doping purposes as weilgure2.2 shows the physical vapor deposition system (Mantis
Deposition Ltd.) that contains the four magnetron sputtering sources and the Nanogen source. The
physical properties of the deposited films depend on a fgeritaint parameters such as Ar gas flow,
Ar/O, ratio, substrate temperature and deposition time, which can be chosen appropriately to achieve
the desired quality and properties. A quartz crystal monitor, attached just below the substrate holder,

is used taneasure the deposition rate of the growing film.
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Figure 2.2 Photograph of the physical vapor deposition system based on the magnetron sputtering
technique that is used for both thin film deposition eludters generation via the Nanogen source
(Mantis Deposition Ltd.). (a) Two RF and two DC sputtering sources, along with a quartz crystal
monitor (QCM) are installed, along with (b) controlled electronics.

2.3 Characterization of the synthesized nanostructures using scanning
electron microscopy (SEM), transmission electron microscopy (TEM) and

atomic force microscopy (AFM)

The structurgproperty relations and shape/stkependent properties of the samples are investigated
by using different electron microsdogechniques to image the surface and structure of metalfmetal
oxide nanoclusters, thin films and nanowit€<ield-emission Sanning Electron Microscopy (SEM)
is always the first tool to be used to examine the surface morphology of the séiigpies2.3

shows the Merlin SENhicroscope, which is equipped with a fiedchission source aritle Geminill
advanced electron optics column capablaroaccelerationhvoltage up to 30 kVThe Merlinhas

been used to examine the nanocluster size distribution on the substrate s fdesrmorphology

at high magnificationand also the surface morphologies of thin films and nanowirthe present
work. In SEM, a higkenergy electron beam is focused on the sample with a typical spot size of 1 nm.
The electron beam interacts with gemple creatingsecondary electror{gvith kinetic energy less

than 50 eV)The secondary electrons emitted near the sugseénen collectedy using an

appropriate detectarponscanning this fashcidentelectron beanacross selected area of the sample

Various detectors ammployed irthe microscop@and they includ&verhartThornley typen-lens
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andout-of-lens detectorfor secondary electron imaging aedergyselective and anglselective

detectors (AMETEK) for bckscattered electron imaging.
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Figure 2.3 Photograph of the MERLIN fiel@mission scanning electron microscope (FESEM),
equipped with secondary electronl@ms and oubf-lens (SE2) detectors, abdckscattered electron
detector (BSD) as well as an EDAX enefdjgpersive Xray analysis system.

The system is also equipped with an EDAX enaiippersive Xray (EDX) analysis system, which
provides elemental compositicharacterizatiof the sample &ised on detection of elemesyecific
X-ray emission from the samplgpon excitation by the highnergy electron bearfthe X-ray
emission spectra can be used for quanatifon ofthe composition of the elements in the sample

through the intensities of ¢ir charateristic Xray emission lines*

Transmission electron microscopy (TEM) measurem&rtShave been performed by using a
JOEL 2010F microscope at McMaster Universibd more recently a Zeiss Libra 200 MC
microscope at the University of Waterloo, both operated at 20@-kNire2.4). The nature of the
crystalline structure and identification of the crystal planes of the individual nanostructures are
investigated by using TEM. The samples for TEM analysis are generafigned by either directly
depositing the material onto the lacey carbon coated copper grid (in case of thin film and
nanoclusters) or by scrapping with a sharp blade the nanowires off the substrate and transferring them

on the TEM grid.
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Figure 2.4 Photograph of a Zeiss Libra 200 MC transmission electron microscope.

Atomic force microscopy (AFM§“is conducted in a Digital Instruments Dimension 3100
Nanoman Nanoscop¥ l(Figure2.5). AFM is used to characterize the nanocluster size distribution
on the substrate and the surface roughness of the nanocluster filnmaiichth The samples are
scanned in tapping mode using a silicon nitridgNgitip. Since AFM has a lateral resolution limit of
>10 nm and is usually too large for the nanoclusters (with diameters less than 8 nm), the vertical
height profile is used tmeasure the size distribution of the nanoclusters due to much higher height
resolution (few A) in AFM.
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Figure 2.5 Photograph of Digital Instruments Dimension 3100 Scanning Probe Microscope used for
atomic brce microscopy.

2.4 Composition Analysis by X-ray Photoelectron Spectroscopy (XPS) and
Secondary lon Mass Spectroscopy (SIMS)

2.4.1 XPS Chemical-State Composition Analysis

In order to examine the chemiesthte composition of the -@separed metal and metal oxide
nanoclusters and thin films,-)y photoelectron spectroscopy is uS8XPS spectréave also been
collected in the deptprofiling mode to understand the chemistdte compositional changes in the
nearsurface region as a function of sputtering deysing an Argon ion sourde sputter away
materials interleavingly between XPS spdatneasurementsThe XPS system used in this project is
ThermoVG Scientific ESCALab 250 Microprob&igure2.6), which is equipped with an Al
monodiromatic Xray source (1486.6 eV) and is capable of a typical energy resolution@50¥/

full width half maximum (FWHM)When the incidenX-ray impacts the sampléhe subsequent de
excitation by emission of an electron from either the core or valenels of the sample produces the

photoelectronThe kinetic energy of these photoelectrons is analyzed by using a hemispherical
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energy analyzer and can be used to determine the corresponding binding energy by the Einstein

equation:

Ebinding= Ehg i (Ekinetic+ a )
where Eingingis the binding energy of the electrom i the photon energy (i.e. 1486.6 eV for AllK
h is the Planck constant agds the light frequency), ket is the kinetic energy of the photoelectron
as measured by the analyzer, énd the work function dependent on both the spectrometer and the
material.

The electrons photejected from the atomic cotevels or from the vahce band of the material
when lluminated with the monochromatic-bays have typical kinetic energies that correspond to an
inelastic mean free path (i.e., escape depth) of less than 10 nm, making XPS an extremely surface
sensitive techniqudy comparinghe binding energy of specifthemical statewith the
corresponding references, we can infer information about the local chemical environment by

determining the chemical shifts.
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Figure 2.6 Photograph of the TherméG Scientific ESCAL& 250 Microprobe used for chemieal
state composition analysis of the nanoclusters and thin films.
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2.4.2 SIMS Chemical Mapping

Time of flight secondary ion mass spectromel®N-TORSIMS5) is a surface analysis technique

that can produce threimensionahigh-resolution chemical imagé¥ SIMS can also be used for
analyzing soft materials and biomaterials nowadays because of the recently introduced Argon cluster
sputtering ion source technology. SIMS works on the principle ebés®d imaging where emission

of secondary ions is triggerdy bombarding the sample surface with a focused-bighrgy primary

ion beam (340 keV). Based on the tirre-flight of secondary ions travelled in the TOF analyzer, the
nature of the secondary ions can be identifté&elected peaks in the resulting mass spectra

collected point by point on the surface by rastering the primary ion bzragsahe surface can be

used to construct the chemical maps of specific ions (chemical species) of interest.

In the IONTOF SIMS5 system Eigure2.7), the BE* primary ion sourcéanalysis beam)
positioned at 45° to the samp#eoperated at 30 keV beam energy with a 0.4 pA beam current and a
100 es pul se wiaceléctrostBiealy directed to ythe TO& anslyzer by biasing the
sample sige at 2.5 kV with the extraction lens set at 4.5 kV at an opposite polarity. Appropriate
secondary ionare collected over a rastered sampling asaallyo f 1 0 0 Pta ébin @ 2D
map. The sample could also be sputtered wils'aon beam or an Amn cluster ion beam (each
generated from a separate sputtering ion source) alternating with*tipeifBary ion beam to remove
the sample layer by layer at a wa#fined sputtering rate.

Time-of-Flight Analyzer

8

Analysis Chamber

Figure 2.7 Photograph of IONITOF SIMS5 system used for chemical analysis of the metal/metal
oxide heterostructures.
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2.5 X-ray Diffraction Crystallography and Ultraviolet/Visible (UV/Vis)

Spectroscopy

2.5.1 X-ray Diffraction Crystallography

X-ray diffraction (XRD) is a powerfuool for determiningthe crystallographyof the bulkas a hard

X-ray bear(e.g. Cu KJ) could penetrate deep into the materials in ordeniofometers’® Crystal

structures of metalr metal oxide nanomaterials aapalyzed by usingganal yti cal Xépert P
X-ray diffractometer, capable of various optics and diffraction geomekiggre2.8). Since the

amoun of nanomaterial on the substrate surface is mostly very small, the intensity from the
nanomaterial is low and is overwhelmed by the substrate signal (Si in our case). In this case, glancing
incidence Xray diffraction (GIXRD) technique is used to captarere signal from the nanomaterials

and less from the substrate. In GIXRD, the detector is moved fromdDatogl while the incidence

angle of the Xray beam is maintained at a very shallow angle (close to the critical angle of the
sample). Aghe inciderce anglas below the critical angle, an evanescent wave is formed, and it
penetrates less than 100 nm of the surface and therefore produces enhanced signal from the very thin
top layer of the nanomaterial, overcoming the substrate sigmathis purpos, a parallel beam

geometry with an Xay mirror on the incident beam side and a pargligie collimator on the

diffracted beam side is used. This configuration allows GIXRD measurements at a typical incidence

angle of 0.4 for most samples.

To analyze the grain size, we perform the Scherrer analysis. The Scherrer formula used for

calculating the average crystallite size is given by:

# OU O C3AH U A-64

" #1 [0

where K is the shape factor of the nanocrystallites (typicall ue ¢l ose to 1), @& is th
theXxr ay used for obtaining the diésfdistiepdakvadth patt er n,
(or FWHM) of the most intense XRD peak of the sample, angd Rends the peak width observed for

the sandard streskee sample, whichrises due to instrumental effects. For thea}( optics used in
our GIXRD system, the observegBymenis 0.40° (or 0.0022 rad).
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Figure 2.8 Photograph of the Panalytica X 6 p e r t -r&rdiffractdiReier used for crystal

structure characterization of thin films. The instrument is set up in the parallel beam geometry with an
X-ray mirror and a parallel plate collimator used for the incident and diffracted beam optics,
respectively.

2.5.2 Ultraviolet/Visible (UV/Vis) Spectroscopy

Spectroscopic techniques are commonly used to analyze the optical behavior of the metal and metal
oxide nanocluster film and thin film$? The optical properties of thraetal and metal oxide
nanocluster film (deposited by using the Nanogen source) and thin films (deposited by using RF
magnetron sputtering sourcesdeposited and annealed on glass substrates are inveshigatsidg

a UV/Vis spectrophotometer (Perkifimer Lambdal 050 with a wavelength range of 1-A300nm

and a bandwidth d nm, and with anonochromator for reducing stray lighmid also for enhancing
the resolutionKigure2.9). The system has high sensitivity photomultiplier, peltientrolled InGaS
and PbS detectors to provide the full UV/Vis/NIR range. All the measurements are performed in
transmittance mode within the wavelength range@@®nm. The transmittance (T) can be converted
to absorbance A by using the formube= i log T. The band gap of the material can be calculated
using the formula = 12406, Whereama, (in nm)is the wavelength of maximum absorption and
E, (in eV) is the bad gap.
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Figure 2.9 Photograph of Perkin Elmer Lambda 1050 NIR/UV/Vis Spectrometer used for the
transmittance/reflectance measurements for thin films.

2.6 Photoelectrochemical analysis

In this work, lineasweep voltammetry is used to investigate the photoelectrochemical water splitting
behavior of the nanomaterials deposited on the substrates by using a CH Instruments 660A
electrochemical statiorFigure2.10).*° A threeelectrode system is used in this process, in which an
Ag/AgCl (3M KCI) electrode is used as the refiece electrode (RE), a Pt wire is used as the counter
electrode (CE) and the sample is used as the working electrode (WE). The experiment is performed in
an aqueous electrolyte solution (KOH in this project) in a quartz beaker. A 300 W Xenon lamp (300
1000nm, Oriel Instruments 6258) with different optical filters (lpass, higkpass and AM 1.5G) is

used to deliver UV and visible light onto the sample during the photocurrent measurements with a
power density of 50 mA/cmMore details about the experimdrtechnique are described in

forthcoming chapters.
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Figure 2.10 Photographs of various components of the water splitting experiment including the
electrochemical analyzer, illumination station, all ghectrodes and combined experimental setup.

2.7 Micro/Nanodevices fabrication techniques

Different micro/nanodevices are fabricated in this work for different application purposes. A novel
maskless photolithography system from Intelligent Micro Patterning® tsl used to pattern

microscale deviced-{gure2.11a). The patterns are creaiaditmap (bmp) format using paint. A

201 optics is used to provide the magnification
high-performance photesist Shipley S 1827, along with MCC primer (both purchased from
Microchem), is used. Since the photoresist layer is quite thin (~500 nm), the MCC primer serves as an
adhesive layer for the photoresist. The coating of the primer and photoresist impdrio@ spin

coater (Laurell Tech. Corp.) at 4500 rpm for 40 s consecutively to achieve a coating thickness of 500
nm each. The sample is baked at 120 °C on a hot plate after each of the spin coating steps. Once the
pattern writing is complete the samp is developed in the ME4 developer for 30 s to dissolve the

UV exposed area. After development, the sample is then deposited with different materials
accordingly by using RF or DC magnetron sputteringphysicalvapordeposition system (Mantis
Depostion Ltd.) or/and tabletop sputter coater (EMS). The last step in the device fabrication process

is the liftoff, which is performed by dipping the coated samples in HBta&le acetone (Sigma

Aldrich) for 1-5 min to remove the undeveloped area of the sangrving only the desired device

pattern behind. For multilayer device fabrication, the same procedure is repeated for as many layer as
necessary, while proper alignments by means of appropriately placed alignment marks is performed
in between in ordewtachieve the precise stacking (and overlaying) of the multilayers. Foisizatb

junctions, a novel ion beam lithography system (Raith IONLine) is iEgdre2.11b).***
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Figure 2.11 Photographs of (a) an Intelligent Micro Patterningl®b Xpress maskless optical
lithography system used to fabricate the memristive devices, and (b) Raith IONLine ion beam
lithography system used to fabricate the memristive devidbsyanesized junctions.
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2.8 Electrical characterization

All of the fabricated devices are tested using a semiconductor device analyzer (Agilent Technologies
B1500) coupled with a probe station (Signatone, S116Big)te2.12).?* Tungsten probes with 10

em tip width are used for making the contact wit
room temperature. In most of the cases, apvabetesting scheme is employed, where voltage is

applied on one probe while the other probe is kept grounded and the current is measured between the

electrodes.

EIGCNRTENE Probe Station

Visly SN

i Measurement Setup

Figure 2.12 Photograph of Signatone probe stattonipled with an Agilent B1500 semiconductor
parameter analyzer used for electrical characterization of the memristor devices. Inset shows the
measurement setup where two probes are connected to the two electrodes of the memristor device.
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Chapter 3
Size-Selected TiO, Nanocluster Catalysts for Efficient

Photoelectrochemical Water Splitting™

3.1 Introduction

Transition metahnd metal oxide nanoclusters (N®s)eattracted a lot of receattentiondue to
their numerous applications in catalysis, senspelectronic and magnetic devidé§?%#*%|n
theearly1980s the development of precise mass (or size) selected nanocluster molecular beam
systems has enabled cluster formation with a-defiined size distribution, which hasesged up new
opportunities for understanding galsase reaction dynamics and catalyst&®***More recently,

there has been renewed inteiiaghe deposition of transition metal NCs and the assembly of three
dimensional arrays of discrete sizgelected NCs or nanoparticles onto surfaég&****2 These NC
assemblies (i.e. nanosystems) allow the chemical propertiessef thaterials to be tuned by

controlling their nanoscale cluster/particle size and structure, with further optimization made possible
by modifying the nature of nanoconstituents often combinatorially. Since moleealar techigue

has enabld the study ofree, unsupporteNCsin the gas phasé®***variousprocedures have been
develomd to depositransition metal N€onto substrates (or supports) by gas phase aggregation
techinque?"?®32The objective of this deposition approach is to preserve the size offitveresi

NCs on the surfaces. However, acquiring nearly monosized NCs at a few nanometer scadearemain
difficult task. Sizetuning of supported transition metal NEanbe used t@nhancehe catalytic

activity at the NC surfacand interfaal regions:* A major challenge in the synthesisstébleand
well-controlled arraysf sizespecific NCs isthe inhibition ofaggregation on the surfadgarly

studies have largelyfocused ormetal NCs, including\g,’?® Au,”®° Cu,?’ Pd® and Zi**NCs. In

contrast, there are considerably fewer studies on metal oxide NCs, particulaityrtithoxide

(TiO,) NCs, and on their size tuning with a narrow size distribution produced by using the general
technique ofjasphase aggregatioh™*****L amber t 6s group ,NGspsing@gased doped
condensation technique anoxygen and metharembient** Using a gasiggregation source,

Drabik etal. produced Ti NCs in lower vacuum condition, which thescameoxidized in ambient®’

High chemical stability and lowost productiotnave mad&iO, one of the mostidely used

photocatalytic materialsince the first report of water splittingingTiO, by Fujishima and Honda

™ This section is made from one of my publicatioBgvastava et glACS Nano2014 8, 1189t
11898 Copyright (202) by the American Chemical Society.
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over 30 years ag8? TiO, is also one of the most studied transparent conductive oxideamith
gapsof 3.02eV for rutile and 3.2 eMor anatasestructures:* With the bottom of the conduction

band more negative than the redox potentidd 8,0 (0 V) and thetop of thevalence bandnore

positivethanthe redox potential dfl,O/O, (i 1.23 V)2 Ti0,i s possi bly the #i

photocatalysfor the photoelectrochemicalater splittingreaction Different types of TiQ
nanostructuresncluding nanoparticles and nanowires, and thin firage beenested fothe water
splitting reactiorbutfound to produce photocurrent densityo greatethan0.1 mA/cn?.**? 4 An
assemblyof discrete NCsvould be of great interest becauset®high specift surface area that
provides alarge number ofeaction sites (per volume) fetectronhole pair generation for water
splitting reaction upon lightlumination.

As Ti and its oxides are of great importance to catalysis and nanoelectioaggthesiof stable,
sizeselectedli and TiQ NCsin a controlled way could offerew prospedtor creating novel
clusterassembled materialgith desirablgproperties foelectronicand optoelectronic applications
including memory devices, fuel cells and sollissHere, we present a ndabrication proces®
producewell-ordered precisely sizeselectegdmonosizedNCs with excellent uniformityover a large
area using a novel NC magnetron sputter source with a quadrupole reassifitin. We further
demongrate the exceptional photoelectrochemical catalytic performance of these high quality TiO

NCs as photoanodes in a water splitting reaction.

3.2 Experimental Details

Size-selected TiIQNCs are produced using a gas condensation technique witreggagatio

cluster source based on DC magnetron sputtering (Nano@ea@tis Deposition Ltd,}* which
employsthe Haberland concept of cluster formattdt>*A schematic diagram of the Nanogen
source is shown iRigure3.1. A titanium target (99.95% purity, ACI Alloys) is mounted in the
cluster source chambueiith a base pressure of 1x4fbar.A broad beam of Ti atoms is generated
by DC magnetron sputtering (at BB\) in Ar and thessputterechitoms condense into clustemder
high collisiorrprone anbient conditionThe cluster growth involvesvo basic stps: (a) generation of

Ti atoms, particle fragments and ions by magnetron sputtering, which then undergo (b) collisional
condensation, involvingucleation and gaghase aggregation leading to cluster formatfé&luster
growthcan becontrolled by varying the Agas pressure artdeaggregation length in the
condensation zone of the aggregation chertwhere cluster formation occuas a result of

collisions of atoms withoneamother).Since dargefractionof the NCs so generated by the Nanogen
source is negatively charged, it is possible to provide precise mass selection of NCs of a particular

size based on their magscharge ratios by using a quadrupole mass filter in the NC sc\iset. of
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AC and DC wltagesis applied to the quadrupdiiter, with 2% massresolution andhroughputup to
10° amuy to facilitatean oscillating patithat allows passage of cluster ions of the selectedAsites
exiting the aggregation chamber througiogfice (3 mm da.), the cluster ions are neutralized and
collected on the substrategitioned70 mm in front of the orificén the deposition chamherhe

input flow rate of the Apgasin the Nanogen sourdg used to control th@eposition}chamber
pressure (161 10° mbar) at whichthe deposition processcurs In particular, the input Ar flow rate
directly affecs the processes in the condensation zone and the efficiency of the cluséeging

from the aggregation chamb®rCluster size of 2-15 nm(dia.) can be produced using the Nanogen
source, ananonosizedtlusters smaller than 8 nane the focus of the present wofle substrates
used for the present work aretétrminatedSi(100) (denoted a$i-Si), quartz and float glass. All the
substrates are cleaned ultrasonically in acetone and isopropanol befovhilestihe Si substrate is
also rinsed in 2% HF for 10 min to remove the native oxide layérto produce Hermination on the
Si substrate (F5i).

The surface morphology and the size of the NCs are characterzéd by atomic force
microscopy (AFM)operatedn tapping modén aDigital Instrumens Dimension 3100Nanoman
Nanoscope IMnicroscope, while the crystallinity of the NCs is determibgdransmission electron
microscopy (TEM) in a JEOL 2010F microscope operated at 200 kM. samples are preped by
directly depositing the NCs onto a holey carbon TEM gritker@icalstate composition is analyzed
by X-ray photoelectron spectroscopy (XPS) as a function adrsputtering time in a TherréG
Scientific ESCALab 250 Microprobequipped withamanc h r o ma t i-ray sorce (1486.6 X
eV). Arion sputtering is performed over a raster area of 3x3 aan ion beam energy of 3 keV and
a typical sample current density of 110/mi¥. The XPS data is fitted by using Casa XPS software
with a Shirley bacfround. The photoelectrochemieghter splittingexperiments are performéey
using aCH Instrumerd 660A electrochemical station in a threlectrode quartz cell withn
electrolyte solution of 5 M KOHpfepared from analytical grade KOH and Millipore &ratt room
temperature). Photocurrents are measured withidleselectedNCs deposited oasubstrate as the
working electrode (i.ethe photoanodepothin the dark and under the illumination of a 300 W
Xenonlamp (3001000 nm, Oriel Instruments 6258)th an AM 1.5 filter A minimum power
density of 50 mA/crhis delivered to the samplag/AgCl (3M KCI) and Pt are used as the reference

and counter electrodes, respectively.
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Figure 3.1 Schematic diagrarof the production of a sizeelected cluster beam in the Nanogen
cluster source (not drawn to scale), which involves the following steps: (a) generatigmofiefies
and their ions by magnetron sputtering, (b) collisional condensation that lead$esttionand gas
aggregation, and eventually to,Bnd T}, cluster formation, and (c) size selection of Tiusters

ions by a quadrupole mass filter. Thg Tluster ions exiting the aggregation (or Nanogen source)
chamber from a 3 mm dia. aperture tr@e oxidized by the ambient in the deposition chamber and
the resulting Ti@cluster ions are then deposited and neutralized on the substrate untiarding
condition to produce the sizelected Ti@nanoclusters. The aggregation length (AL), defiagdhe
separation between the front face of the target and the entrance plane of the quadrupole, and the Ar
gas flow are the main parameters used to control the overall cluster size distribution before size
selection. No bias is applied to the substratertsure soft landing of the nanoclusters.

3.3 Results and Discussion

In our experiment, sizeelected NCs with specified masscharge ratios arsuccessfully
synthesized busingthe Nanogen source (shown schematicallyFigure3.1). Figure3.2a shows the
average NC size (diameter) as a function ofthgas flow for different aggregation lengths (ALS).
In spite of the small exit aperture (3 mm dia) of the Nanogen sourqgaretsmre at which the NCs
are deposited on the substrate (in the deposition chamber) depends linearly on the Ar gas flow during
growth (Figure3.2a). TheAr gas pressuris found to have the largesffect on thegrowth kinetics of
the NCs The system cathereforebe optimized tgrovidethe desired clusteize by controlling the
Ar flow ratein theaggregatiorthamberNot only does the Ar gas flohelpto initiate theplasma for
sputteringto occur, Ar alsavorks asa carrier gado support the growth of the NCs by providing them
nucleation cents in the gas phase and to carry them towards the sub3inataggregation chamber
providesthe important spaneededor thetargetsource atoms to undergollisional
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condensation® This space can be physically adggsby changing the AL, which corresponds to the
targetto-quadrupole separatiofifure3.1). As a general rulgnincrease in the Aflow caussa
decrease in thHC size becaughe clusteraresweptout of the aggregation chamber fagdiefore

the clusters havsufficient timeto self-condens to a larger sizd=igure3.2a shows an almost linear
decrease in cluster size with increasing Ar flow rate for all ALs from 10 tor80We observe that

AL also affectghe size distribution afesulting NCs. For a fixed Ar flow rate, the cluster size
increases with increasing AFigure3.2a). This is consistent with our expectation that a bigger
aggregation volume provided by a larger AL allows the Ti atoms in transit to reside in the aggregation
chamber longer, thereby facilitating maw@lisional encounters to form larger cluste©ur present

study, therefore, shows thiie smallest cluster sizean be achiead bymaintainng a highAr-flow

for a shortAL. Converselythelargercluster sizecan beobtaired by employing a lower carriggas

flow for a longer AL As illustrated inFigure3.2a, the cluster size can be tuned in the range below 10
nm and a cluster size as small as 3 nm can be easily obtained. This size regime is smaller than the
TiO, NCsreported earlie??/-28:132.138

Figure3.2b shows the relative populations of NCsasnedin the gaphaseas a function of NC
size for three typical (AL, Aflow) combinations: A = (80 mm, 30 sccm), B = (60 mm, 35 sccm) and
C = (20 mm, 55 sccm). The relative populatidrthe NCs is indicated by the quadrupole collector
current. A neafGaussian size distribution is clearly observed for all (AL:fldw) sets. As the mode
cluster size (marked by the peak maximum) increases, the peak collector cureaseith
concamitant increasén the width of itdistribution from set C to set B to set A. Upon applying an
appropriate set of voltages to the quadrupole mass filter, the cluster size distribution can be
dramatically narrowed to a sharp profile as defined by the maekition of the quadrupole, which
demonstrates the effectiveness of mass selection by the quadrupole maB#fiiteB.2b also

shows that the akter mass increases quadratically with increasing cluster size
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Figure 3.2 (a) Cluster size (left axis) and deposition chamber pressure (right axis) as a function of Ar
flow rate for different aggregation length (AL) from 10 to 90 mm, in steps of 10 mm; and (b) typical
nanocluster size distributions, as represented by quadrcgdtdetor current (left axis), obtained with
three typical combinations of (AL, Ar flow rate) as marked by large open circles in (a): A = (80 mm,
30 sccm), B = (60 mm, 35 sccm) and C (20 mm, 55 scEh@ vertical dashed line marks the

respective mode cltey size of each nanocluster distribution, while the corresponding sharpen peak
marked by the darken area corresponds to the distribution of nanoclusterseieas=d (withir2%

of the mode cluster size) by applying an appropriate set of DC and AC soltatiee quadrupole

mass filter. The total mass (right axis) as a function of nanocluster size produced by the Nanogen
cluster source is also shown.

Figure3.3a-c shows tappingnode AFM images of TiONCs deposited on 43i substrates along
with their size distributions at mode cluster sizes of 3.5, 5.0 and 6.2 nm, respectively, obtained with
appropriate (AL, Ar flow rate) settings. With the spatiglalation of AFM generally larger than 10
nm, we estimate the size (diameter) of theleggositedNCs from their respective height profiles,
assuming a spherical shape for these NCs. A@aassian size distribution (obtained without the use
of the quadruple mass filter) is clearly observed for all three mode siHes size distributions
obtained from our AFM measurements for thelapositedNCs are also found to be in good accord
with and therefore validatihoseas reflectedvy thecollector current mfiles of the quadrupole mass
filter (Figure3.2b).

The impact energy of the NCs is one of the key parameters in edusface collisions. Given the
kinematics of the system, the TiCs should undergo sefinding onto the substrate laeise the

NCs impinging onto the substrate are very small in size and their kinetic energy at room temperature
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is less tha.1 eV *****The NCs so deposited should therefore have their stoichiometry preserved,
without any change to their chemical or physical properties, and they are not expected to undergo
further diffusion into the bulkipon physisorption. In the present work, no bias is applied on the
substrate to maintain low impinging energy of the NCs to the substrateby ensuring sefanding
condition. Furthermore, it should be possible to produce NiCs of the same clustsize but with

different aeal density by simply manipulating different (AL, Alow) combinationdor the same
deposition time. To demonstrate this unique control provided by the present technique of NC
generation, we show, fRigure3.3d-f, three different densities obtained for NCs with essentially the
same mode cluster size of 5 rfime variation in the densities of these NCs with the same mode size
can be understood in terms of the kinematics of the NCs produnckmidifferent conditions. In

particular, the kinetic energy of the impinging NCs could significantly affect the nature/type of the
event that followsFor a high Ar flow rate and a larger Aless energetic NCs will be produced. This

is because of the resulting larger number of collisions among clusters themselves and/or with the wall
of the aggregation chamber over a longer period of time. This low kinetic energy regime ensures soft
landingwithout any subsequent diffusion on the surface and/or into the bulk. On the other hand, in
the other limit of a low Ar flow rate and a smaller AL, more energetic NCs will be generated because
of lessresulting collisional encounters. Some of the NCs caldd bounce backward due to head
collisions with the surface, thereby reducing the cluster density on the sitfacareal density can

also be controlled by the amount of deposition time, while keeping other preparation conditions the
same to ensurthat the clusters physisorb under daftding condition and without any cluster
aggregatior{Figure3.4) and also without any deformation from spherical shapelissrved by

TEM, Figure3.8d) on the surface. The present technique of NC generation therefore peovides

sensitive control otherelativekinetic energy oNCs inthegasphasen the softlanding regime.
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Figure 3.3 AFM images 6 size-selected TiQnanoclusters obtained with mode sizes of (a) 3.5 nm,

(b) 5 nm and (c) 6.2 nm (deposited with appropriate growth conditions) and with a mode size of 5 nm
deposited with three different growth conditions (AL; Aow): (d) (80 mm, 40 sccm), (e) (60 mm,
35scecm), and (f) (20 mm, 30 sccm), all orfSHsubstrates. AFM images of sigelected TiQ

nanoclusters with a mode size of 6 nm deposited on three different substrateSi,())Hjlass, and

(i) quartz. All AFM images are obtained for a scanned ardabfunt. Insets show the

corresponding histograms for the cluster size distributions of the nanoclusters from 2 to 8 nm
obtained under appropriate (AL, Alow) combinations, with the peak marked by the numbers of the
clusters with the respective mode size

The adhesion properties of Tiwards different types of substrate surfaces are further
investigated by depositing TIOICs on three different substrates simultaneously under the same
deposition conditionFigure3.3g-i compares the areal densities of TXICs deposited on 43i,
glass, and quartz substrates. The sizes of NCs on all three substrates are found to be similar (6 nm),
consistent withiie mode size as selected by dippropriate (AL, Afflow) combination of (80 mm,
30 sccm) Interestingly, the areal density of the NCs oH~ 750um?) is considerably higher than
those on glass (~ 180h? and quartz substrates (~ 1470F). This is cosistent with the higher
sticking coefficient of Ti@thin film on H-Si when compared to those on the other two oxide

surfaces. The NC densities for glass and quartz are similar because of the similar chemical nature of
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these oxide surfaces. Despite theastpd high propensity of Tion the oxide surface to aggregate
due toits higherenthalpythan those of the oxide surfacéswe see no evidence of sher

aggregation on the surface even after deposition for a longerRigwe€3.4a&b), with individual

NCs remaining uniformly distributed over thetiee surfaceThis further confirms the sefanding
condition provided byheNanogen clustesource The deposition time can therefore be used to

control the surface coverage, i.e. tihesadensity of the NCs (which is importanttteeir application
ascatalyst}, and therefore the resulting surface roughness. The RMS surface roughness is estimated
from AFM measurement for samples obtained with different deposition tifabde3.1), and found

to increase with increasing deposition time from 15 to 20 to 30 min, followed by a decrease after 60
min of deposition. The latter reduction in RMS roughness could be due to increase in the packing
efficiency.

0.0

Figure 3.4 AFM images of the Ti@nanoclusters deposited onrSil substrates for (a) 15 and (b) 60
minutes. All AFM images are obtained with a scanned area of 1%1 fwidently, no clear increase

in thecluster size as a result of cluster agglomeration on the substrate is observed even for the longer
deposition time, which confirms the st¢dinding deposition condition of nanoclusters with low

kinetic energies.
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Table 3.1 RMS surface roughness over 1x13area as a function of deposition time for TiO
nanoclusters deposited on3i substrates with an Ar flow rate of 20 sccm and aggregation length of
50 mm.

Deposition Time| RMS Surface
(min) Roughness (nm)
15 1.220
20 1.250
30 1.713
60 1.344

To characterize the chemical nature of the nanoclusters, we shiéiguir3.5, the XPS spectraof
the Ti 2p region collected as a function of sputtering time fiypical TiQ NC film deposited with a
mode size of 6 nran HSifor 60 min The prominentTi 2p;;, peak €459.2 eV corresponds to the
Ti** state attributable to Tin good accord witkanearlier report*” The minor shift in the spectrum
to a higher binding energy after a brief 5 s of spinteis due to the removal of surface hydrocarbons
commonly present as a result of ambient handling. Upon sputtering for a total of 20 s, a wegk Ti 2p
feature emerges 4675 eV and becomes more intense while th€ Tature is weaken upon
sputteringfor 90 s. This intermediate feature at 457.5 eV, tentatively assignetf tbddomes
reduced in intensity and appearshuft towardalower binding energy454.3 eV) upon further
sputtering for 270 s. Continued sputtering for 450 s and 650 s eausegence of a wetlefined Ti
2ps feature at 454.3 eV, which could be assigned to TiO. TheLif2ptures located at the
intermediate peak position (betweeA"&nd Tf* states) could therefore be attributedi®, (2 O x O
1), which corresponds twon-stoichiometricTi oxide phasedue to theeduction of Tt" to Ti** and
Ti* by Ar-ion bombardment!’ This ioninduced reductioiis also confirmedin our separate
experimentpy depthprofiling XPS analysis of commercial Ti@owdes (Aldrich, 99.99% purity)
(Figure3.6). The correspondiniPS spectuim of the O 1sregionFigure3.7a for the NC sample
(after removing the surface carbonaceous layer by sputtering for 5s) ekhibfieaksat 530.6 eV
and 532.8 eV, whichre consistent with the assignment to Ja@d TiQ, respectivelyThe
correspondingpi 2p spectrmis found to be dominated bynaajor Si pealat 99.3 eVandaminor
SiO, peakat 103.2 e\due to native oxid&igure3.7b.
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Figure 3.5 XPS spectra of Ti 2p region for Ti@anoclusters adeposited on a $i substrate, and as
a function of sputtering time. Only the Tigegion is used here to identify various chemical states
of the nanoclusters.
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Figure 3.6 XPS spectraf Ti 2p region for commercial Tidpowder (anatase) as a function of

sputtering time. The reduction ofTphase is observed in the commercial anatase powder sample

after 270 s of Aion bombardment, which corresponds to the emergence efto@mhiometic Ti

oxide phases. Commercial rutile powder is also found to exhibit similar result as anatase powder (data
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Figure 3.7 Corresponding XPS spectra of (a) O 1s and (b) Si 2p regions for-finepased TiQ

nanocluster (6

nm) film shown Figure3.5.
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To demonstrate the photoelectrochemical catalytic properties, we employ theds@eposited
with different mode sizes on-Hi as the photoanode a water splitting reactioi\ll the photocurrent
measurements are condutfer an illumination area of*% mm? with a power density of 50
mW/cn?. The photoelectrochemical water splitimechanism is described schematicallfigure
3.8a.1n a water splitting reactigrphotoexcitation occuratthe TiQ, NC photoanode, which is
immersed in an aqueous electrolg®ngwith the Ptcounterelectrodgand an Ag/AgCl reference
electrode) Electrons and holes are generated when WOis illuminated with U\Avis light, which
facilitates redox reactiongoxidation at the photoanode and retilon at the counter electrode) at the
NC-water interface in thelectrolyte andeads tchydrogen(H,) evolution.Figure3.8b shows the
photocurrent density as a furanti of applied potential for thEEO, NC/H-Si working electrode in 5M
KOH in the dark and under illuminatiai a Xenon lampNanoclusters with thredifferent NC sizes
(4, 6 and 8 nm), preselected by using the quadrupole mass filter, are chosen to illustrate the cluster
size effect on the photoelectrochemical performance. Evidently, a significant enhanicettment
photocurrent densitwith decreasingNC size is observed. We attribute this to the interplay between
the effect of the increase in the specific surface area and that of the increase in the amount of active
sites due tdheincreasecimorphicityof the NCs with decreasing size. The TEM imagj@awn in
Figure3.8c illustrates the remarkable homogeneity of the NCs, all with nearly identical size, which
further verifies the precise sizseledion achieved by using the quadrupole mass filter. Furthermore,
the larger NC (8 nm) is found to consist of a crystalline core surrounded by an amorphous shell, while
the smaller NCs (6 and 4 nm) below a critical size appear to be completely amorphous. The
amorphous nature of the smaller NCs gives rise to a higher density of defectsywathics trapping
and recombination centeiiar the photogenerated electrbole pairs To confirm that amorphous
TiO, NCs are better suited for water splitting reactiga,prepare, in a separate experiment, a
ipost T an nEGshnpt by afinealing the-dsposited &im NCs at 806C for 90 min in air.
A substantial drop in the photocurrent density is observed fgasimnnealed samplé&igure3.8b).
This is due to theeduction in the defect density as a result of impravrgdtallinity caused by
annealing at a high temperatufiéheincrease in the photocurrent density of the totally amorpheus 6
nm NCs with respect to that of theystallinecore amorphoushell 8nm NCs is attributed to both of
the aforementioned effects, while the further enhancement found fomtimeNICs with repect to the
6-nm NCs, both of which are totally amorphous, is due to the effect arising from increase in the
specific surface area. Since the surface area plays an important role in photoelectrochemical catalysis,
substrate coverages (i.e. the amount ofldidling on the substrate) by Ti@anoclusters for all three

samples deposited for 15 min orSisubstrates are calculated by using the Image J software.
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Approximately 20% coverage is observed for all three samples, which suggests that there is a lot of

room for potential improvement in the photoelectrochemical performance.

The saturation voltage for therdn NCs is observenb bei 0.22V vs Ag/AgCl (or0.78V vs
RHE), which iswell within the range ofhe typical valus of 0.50.8 Vvs RHE found for other Ti©
nanomaterial§?°”**21*4\/e obtain a photoconversion efficiend®QE) of ~ 0.4%% (Figure3.9a) and
a total PCEasestimated according tarlier report§>**°of ~ 1.0%, at an appligabtential of 0.78 V
vs RHE.For TiO, nanotubesnd other nanostructurdbeir correspondingptal PCEs are in the range
of 0.21 3.0%. For TiQ NCs,the present PEof 1.0% is the highestverobserved fothis type of
nanoclusterand it is comparable thhe most of these nanomaterisdported in the
literature3®:645671501%%r s nerformanceés especiallyremarkablevhen consideringhe very tiny
amount of TiQ NCs on the substrate, all of which are prepavétout any possynthesis
modificationor treatment (asften required in earlier worklt should be noted that most of the
samples reported in the literatth & °>°"1°%54re based on Tidbr other metal oxide nanowires or
nanotubes with post modification and these samples contain a significant (large) amount of materials,
which provide a large number of active sites for the photoelectrochemical rebctioin case, e
PCEcould potentially be enhanced at least 5 tilmescreasing thamountof cluster loadindgrom
20% coverage to a monolayer coverage (bygincreaang the amount of deposition tilnéndeed, a
theoretical PCE of 5% would put our NC samples (with just one monolayer of coverage) to be among
the top photoelectrochemical catalysis performers based gm@i@materials for the watsplitting
reaction. Een higher PCE can be obtained with multiple layers ot NOs (as was commonly
employed for other Ti@nanomaterials in earlier report§jgure3.9b shows a comparison between
the photocurrent densities for different range of solar spectrum, using different Filigrseermore,
we can also potentially increase the PCE furthegrbployingnanalusters with even smaller sjze
and by modifying the clustswith chemical functionalization. Fabricating hybrid and/or esinell
NCs and synthesizing binary or tertiary NC systems couldeslsancghe P@E, and can be easily
realized using the present Nanogen cluster source (equipped with the tripleapaislity).
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Figure 3.8 (a) Schematic diagram of the mechanism of a photoelectrochemical water splitting
reaction. An expanded view of a Ti@anocluster (NC, red sphere), consisting of Ti (green spheres),

O (pink spheres) and H atoms (brown spheres), is shown as the bottom inset. The top inset shows the
electronhole pair generation in Tiupon U\Avis light illumination, which supplies holes jHor

the oxidation of OHleading to Q@ evolution at the photanode and electrons)aipon travelling to

the counter electrode through an external circuit, for reduction leadinggenidration. (b)

Photocurrent densities as a function of applied potential obtained in a photoelectrochemical water
splitting reactbn in a 5M KOH electrolyte, using Tikdanoclusters of different sizes (4, 6 and 8 nm)

and the posannealed Ti@nanoclusters (6 nm), all on-8i, as the photoanodes, all with an

illumination area of 85 mnf under a 300 W X¢amp at a power density of 30W/cnt. (c) TEM

images of 4 nm (left), 6 nm (center) and 8 nm nanoclusters (right) deposited directly on holey carbon
TEM grids, along with high resolution images shown as insets illustrating their respective degrees of
crystallinity.
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Figure 3.9 (a) Photoconversion efficiency (PCE) as a function of applied potdatiglfor TiO,
nanoclusters with three different sizes as deposited-8hutider illumination from a Xe lamp with a
power density of 50 mW/cm(b) Photocurrent density,, as a function o, for 6-nm TiO,

nanocluster in the dark (bottom line) and under illumination by UV light (obtained with a low pass
filter, second top line), visible light (obtained with an AM 1.5 filter, third top liaey the full

spectrum (without any filter, top line). The photoconversion efficiency of the water splitting reaction
in the presence of external applied potential is calculated by using the equation:

csol 0 O
U 0

whereJ, is the obsered photocurrent densit£’, is the standard reversible potential, which is 1.23
V vs RHE for the water splitting reactioBa,g,is the applied potential (vs RHE), ahds the power
density of the incident light. Total photoconversion efficiencyalsudated by settingap, to zero in
the above equation. For efficiency calculatiBg,, vs Ag/AgCl can be converted Ky, vs RHE by
using Nernst equation gfe = Eagagei + 0.059 pH + Bag/agci), Where Bgager is the applied potential
vs Ag/AgCI, pH br 5M KOH is 13.8 and %gagciis standard Ag/AgCI electrode potential (0.197 V).

3.4 Conclusions

We havesuccessfully fabricateand depositedize-selectedliO, NCs onthree differensubstrats

(H-Si, glass, and quartz) at room temperature undetauding condition using a magnetrbased
nanocluster source equipped with a quadrupole mass Tiliergrowthproces of the NCs is studied

by depositing th@analustersunderdifferent growth caditions and by studying their growth
environment.On all the substrates employed in the present work, theN@3 are found to be
essentially monosized and uniformly distributed over the entire surface (without agglomeration), and
no surface diffusionfdhe NCs is observed. The use of a high vacuum system and the precise control

over aggregation length and-Aow have enabled us produce TiQ NCs withunprecedenteldigh
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degree of puritfas verifiedby XPS) andexcellent uniformity in size and didbtition @s
demonstratetdy AFM and TEM). Sizetuning experiments on-43i substrates indicate that akso
have excellent control and reproducibilitr the desired NC sizé\ higher photoelectrochemical
catalytic activity for the water splitting reacti@obtained when the NC size is below 6 nm. As the
NC size is reduced, the increase in specific surface area and the gneatehicityof the NCs both
contribute to the enhanced photoelectrochemical perform@iheeNanogen magnetron cluster
source coud with a quadrupole mass filtertisereforea promisingversatiletool for producing
high-purity, sizeselectedultra-small TiO, NCs (below 10 nm) for application in catalysis,

nanoelectronics and nanobiosensors.
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Chapter 4
Size-selected, Ultra-small, Defect-rich (TaO,, Pt) Nanocluster

Composite for Promoter-Enhanced Photocatalysis

4.1 Introduction

Nanoscience deals with the generation and investigation of nanosized mafh@term
Ainanoclustero (more than one to a few thousands
individual atoms and molecules but noffmiently large to exhibit the characteristic properties of

bulk matter'® They are a direct link between the distinct behaviors of isolated atoms and molecules

on the one hand and their bulk counterparts on the other. Nanoclusters have much larger surface area
to volume ratio (specific surface area) than bulitter. In the past decade, transition metal oxide
nanoclusters (NCs) have been used in numerous applications in catalysis, sensors, optoelectronic and
magnetic device¥:'3!"12312412hage gpplications all require the creation of stable arrays of
nanoclusters that could maintain their properties with respect to the relevant operating environment.
While most of the transition metahd metal oxides have exhibited these properties separately on

their own, combination of two or more types of NCs on a single substrate could lead to cooperative,
parallel or sequential catalytic processes, which may open up new opportunities of néeel clus
applications’**With the development of nanocluster molecular beam systems, which has been
providing fundanental understanding of gabase reaction dynamics and catalysts in the past several
decades**®there has been a recent surge in interest in producingdimeasional arrays of

discrete sizeselected NCs onto different surfacéd’*****3Among the various techniques used for
depositing transition metal NCs onto surfaces;gese aggregatidechnique has shown the most
promise in the synthesis of isolated and supportedX€s**There are many studies focused on the
nanoclusters of transition metals (GAg®®, Au'®, Pd®), metal alloys (Au/P8° Cu/Au™9 and

metal oxids (TiO,*®, Zn0"™9).

In recent years, B85 (with a band gap of 3.9 eV) has emerged as an important new material for
various applications. Itsigher chemical stabilitthanother tansition metabxides(e.g. TiQ, FeO;,
CuO)andits high dielectric constamhakeTa,0s an alternativecandidatdor photocatalyic
reactions. Tie redox potentials of H, (0 V vs. RHE)and Q/H,0 (+1.23 V vs. RHE) are well
within the vabnce bandnaximumand conduction banghinimumof Ta0Os, which makesl'a,0sa
promisng high-performance catalyshaterial for solar water splittingvhile Ta0Os rich with surface
and bulk defects (often termed as Tpaffers potential enhancement in the photocatalytic
performance particularly in the visible light region. Assemblyof discrete TaQNCswould be of
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great interest becauseits high specific surface area, whiplovides alarge number ofeaction sites
(per volume) foelectronrhole (e-h") pair generatiorfor photoelectrochemical water splitting
reaction. All the studies have thus far been limited to structural modification,©f manostructures
to increase the solar harvestftigiowever, one potential limit on the performancéhishigh
recombinatiorrateof photogeneratedlectronhole pairsWe have described a new approach here to
further enhance the photocatalytic performance osémeiconductebased photocatalysts by
introducing a reaction promoter. The high recombinationpaiblemcan be alleviated witthe
deposition of noble metalsy taking advantage of their plasmonic properfidstallic NCs(Pt in our
case)support colletve electron oscillations, known as surface plasmons, which hetpncentrating
and scattering the light netlire semiconductor/liquid interfadhat leads to more effective light
trapping inside the semiconductor and therebmtter solatight harvesing.

In the present work, we focus on seected ultrasmall Tg@nd Pt nanoclusters (both ~5 nm in
dia), created and deposited ordeposited using a unique galsase aggregation technique, coupled
with abuilt-in quadrupole mass filter for preciseesselection (Ta, Z = 73, 180.945 amu & Pt, Z =
78, 195.078 amu). A major challenge in depositing monosized NCs on substrates is the tendency of
the NCs to agglomerate on the surface, which is alleviated by ensuridgrabifig of NCs onto the
substratesWe further demonstrate the photoelectrochemical catalytic performance of theRf)aO
NC composite film deposited on silicon substrates. As a high density of surface defects is inherently
beneficial to potential applications in surfadependent catadys and nanoelectronics, the synthesis
of stable, precisely sizeelected Ta@and Pt NC composite promises novel nanocluster composite
systems with desirable synergetic physiochemical properties for emerging photoelectrochemical,

electronic and optoeleacinic applications.

4.2 Experimental Details

Sizeselected TaPand cedeposited (Tag Pt) nanoclusters have been produced by using a novel
nanocluster generation system (Nanoge® Mantis Deposition Ltd.). A DC magnetron sputtering
process coupled withasphase aggregation, based on Habeff&rifcorcept of cluster formation, is

used to deposit the source materials from the metallic Ta and Pt targets (99.95% purity, ACS alloy).
Plasmas containing Ta and Pt atoms and ions are generated upon magnetron sputtering in Ar (at 60
mA), andthe sputterecatomscondense into clusteunder high collisiorprone anbient Details of

the cluster growth mechanism have been given in our previous'Waikefly, the cluser growth

involves two basic steps: (i) generation of source atoms and ions by sputtering, which then undergo
(ii) collisional condensation, involving nucleation and-gasse aggregation leading to cluster

formation** Based on their mags-charge ratio, precise mass selection of NCs with a particular size
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is achieved by using a quadrupole maseffiltith 2% mass resolution before their landing onto the
substrate. Herminated Si(100) (i) substrates are used for the present werikr to nanocluster
deposition, lkthe substrateare cleaned ultrasonically in acetone and isopropangdélso rirsed in
2% HF for 10 minutes to remove the native oxide layef to produce Hermination on the Si
substrateAfter the deposition, the Ta NCs undergo oxidization in ambient (when the sample is
brought out from the deposition chamber), producing,Ja®ePtNCs, on the other hand, remain
metallic and stable in air.

The surface morphology, size and crystalline structure of the NCs are characterized by atomic force
microscopy (AFM) operated in tapping mode in a Digital Instruments Dimension 3100 Nanoman
Nanoscope IV microscope, fieldmission scanning electron microscopy (SEM) in a Zeiss Merlin
microscope, and transmission electron microscopy (TEM) in a Zeiss Libra 200 MC microscope. TEM
samples are prepared by directly depositing the NCs onto a lacey cadied TEM copper grid.

The chemicaktate composition is analyzed byrXy photoelectron spectroscopy (XPS) in a Thermo
VG Scientific ESCALab 250 Microprobe, equipped with a monochromaticl Kay source

(1486.6 eV).The XPS data is fitted by usirige CasaXPS software with a Shirley backgroutide
photoelectrochemical water splitting measurements are performed in-&lédctede system in a
guartz cell, where the nanocluster film supported e®i k¢ used as the photoanode, and Ag/AgCl (3
M KCI) and Pt are used as the reference and counter electrodes, respectively. The experiments are
carried out in an electrolyte solution of 1 M KOH (Sigma Aldrich), prepared in Millipore water at
room temperature. The photocurrents are measured with a CH Instsus668At electrochemical
workstation, both in the dark and under illumination of a 300 W Xenon lampl(30® nm, Oriel
Instruments 6258) coupled with an AM 1.5 G filter that delivers simulated sunlight with a power
density of 50 mW/cr

4.3 Results and Discussion

Sizeselected Ta (Taafter oxidization) and Pt NCs with specific massharge ratios are

successfully synthesized using the nanocluster generation source (Nanogen), shown schematically in
Figure4.la.Figure4.1b shows the average cluster size (diameter) of Ta NCs as functiongja$ Ar

flow rate (1550 sccm) and aggregation length-@@mm). Evidently, the longer the aggregation

length in the gasondensation zone, the larger is the NC size. Depending on the aggregation length
(AL), increasing the Agas flow rate could decrease (folc = 90 mm), decrease and then increase

(for AL = 20-80 mm) and have minor effect on (for AL = 10 mm) the NC size, which suggests that
both the Argas flow rate and the AL could affect the growth kinetics. Ar flow could affect the NC

growth not just by iitiating the plasma that sputters the source to remove the source atoms into the
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condensation zone (aggregation zone), and also by providing nucleation seeds for NC growth and
serving as a carrier gas for transporting thgrasvn NCs towards the substrafégure4.1c shows

the size distributions as represented by the collector currents as functions of NC size in diameter for
the Ta NCs. The collectaurrent peak maximum is found to decrease with increasing aggregation
length, while at the same time its peak width (corresponding to the size distribution) broadens. After
size selection, the broad NC size distributibiggre4.1c) can be typically restricted to within 2%

mass resolution (i.e. 2% of the full width of the distributiBigure4.2) by applying an appropriate

set of AC and DC voltages to the quadrupole mass filter. Further details about parameter optimization
and size selection have been discussed elsewtiere.
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Figure 4.1 (a) Schematic diagram of the nanocluster generation source coupled with a quadrupole
mass filter for precise size selection (not drawn to scale). Two sources can be ignited simultaneously
to create a composite plasma consisting of two materials (Ta amthizt work) through magnetron
sputtering. The constituent atoms combine together in the aggregation zone to famd Pa

clusters, which are transported out of the aggregation chamber through a 3 mm orifice by the Ar gas
flow. Generally, a large frdion of the clusters are positively charged,(@ad Pt) so that a

guadrupole mass filter can be used to perform size selection of the nanoclusters (after exiting through
the orifice) based on their masgscharge ratio. The sizeelected nanoclustettsen enter into the
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main chamber where they become partially oxidized and neutralized to forgnaraldeposit onto

the substrate under sdéinding condition. The aggregation length (AL) corresponds to the distance
between the source and the 3 mm orjfighich can be varied to obtain different nanocluster sizes.

(b) Cluster size as a function of -4as flow rate for different aggregation lengths from 10 to 90 mm

(in step of 10 mm). (c) Size distribution as represented by the quadrupole collectorasiaent

function of nanocluster diameter for a fixed Ar flow rate of 20 sccm and variable aggregation lengths
from 10 to 90 mm (in step of 10 mm). The mode cluster size is defined as the size for the peak
maximum of each distribution curve.

Co-deposition isstarted by igniting the plasma to sputter both Ta and Pt targets simultaneously and
then collecting the resulting NCs onto the substrate. The sizes of both Ta and Pt NCs are kept fixed at
5 nm (dia) with appropriate setting of the quadrupole mass Hitgure4.2 compares the near
Gaussian size distribution profiles of Ta and Pt NCs obtained separately for the same (Ar flow rate,
AL) combination of (4Gsccm, 60 mm). At this combination, both NCs have approximately the same
mode size (4.7 nm), because of their similar atomic masses. It is therefore possible to conduct size
selection for both Ta and Pt NCs of 4.7 nm by using the same appropriate seard AC voltages
on the diagonal poles of the quadrupole mass filter. The vertical shaded refgigurév.2
corresponds to parts of the nanocluslistributions that are maselected within 2% of the
respective mode cluster sizes. The respective total mass profiles (right axis) as a function of

nanocluster size for Ta and Pt NCs produced by Nanogen cluster source are also Stguvadr?.
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Figure 4.2 Near Gaussian nanocluster size distribution profiles for the Ta and Pt nanoclusters
obtained separately at (40 sccm, 60 mm) with the mode size of 4.7 nm each, where the quadrupole
collector current (left axis) is proportional to the cluster populati@petific cluster size. The total
masses of the nanoclusters (right axis) are also shown as functions of their diameters. The vertical
shaded area correspond to the segment of the cluster size distribution within 2% mass resolution as
selected by applyingneappropriate set of AC and DC voltages on the quadrupole mass filter.

Figure4.3a shows the secondary electron SEM image afeqmsited Ta@and PINCs, with
respective total deposition times of 30 min and 15 min, orSa $tibstrate. We then increase the Pt
deposition time to 30 mirF{gure4.3b) and 45 min Figure4.3c) while keeping the Ta deposition
time fixed at 30 min during the (Ta{Pt) cedeposition. As expected, the population of IBsters
(brighter spots) increases with increasing Pt deposition time. The near Gaussian size distribution with
a mode size of 5 nm is illustrated for the Ta (30 min) and Pt (30 midéoosition inFigure4.3b,
inset.Figure4.3d shows the tappinmode AFM image of the (TgOPt) NCs cedepositedor 30 min
on a HSi substrate. With the spatial resolution of AFM generally larger than 10 nm, the size of the
asdeposited NCs can be estimated from their respective height profile, assuming a spherical shape

for the NCs. The size distributions obtairfem ourexsitu SEM and AFM measurements for the as
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deposited NCs are found to be in good accord with the collector current profiles of the quadrupole

mass filter Figure4.2).

(a ) T (30.min).+ P& (15:min) = by ¢ -Ta’(30;min) + Pt (30:inin) .

Figure 4.3 Secondary electron SEM images of thedeposited Ta and Pt nanoclusters with

deposition parameters (30 sccm, 60 mm) obtainedd deposition for 30 min and Pt deposition for

(a) 15 min, (c) 30 min and (d) 45 min. Inset of (b) shows the corresponding size distribution before
size selection, while the shaded area marks the portion of the hanoclustsedesited by the

guadruple mass filter. (d) AFM image used to estimate the nanocluster size distribution by using the
heights of the nanoclusters.

The TEM image of the sizeelected (Tag) Pt) NCs cedeposited for 30 min directly on a TEM
grid is shown irFigure4.4. Evidently, the size of both Ta@nd Pt NCs are found to be quite similar
(~5 nm), and the excellent uniformity of the nanocluster size is clearly evidentrédiglution TEM
images of typical nanoclusters reveal the crystalline nature of Pt NCs (top inset) and amorphous
nature of the TaENCs (bottom inset). The interplanar spacing of the (111) planes in the Pt NC as
determined from the higresolution image i8.27 A, which is in good accord with the FCC Pt

crystal™’
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Figure 4.4 TEM image of the (Ta@ Pt) nanoclusters directly @eposited on lacey carbon coated

TEM grid. The corresponding higlesolution TEM images of a Pt and aG, nanocluster, each of 5

nm dia, are shown in top right and bottom right panels, respectively. The Pt nanocluster depicting the
interplanar spacing corresponds to Pt(111) plane, while the f@®cluster is found to be

amorphous.

Figure4.5 shows the depthrofiling XPS spectra of the O 1s, Ta 4f and Pt 4f regions of a typical
(TaQ,, Pt) codeposited NC filmEigure4.3c) with a common mode size of 5 nm ofSiH Before
sputtering, the O 1s spectrufigure4.5a) exhibits an intense SjPeak at 532.8 eV, with a rather
weak shoulder at 530.8 eV consistent with the assignment@. *AUpon sputtering, the maximum
of the strongD 1s feature appears to shift to a lower binding energy as the peak becomes less intense
and broader, which suggests the emergence of other crigfierent TaQ phase at a lower binding
energy. The prominent PtAf(4fs,) peak at 71.2 (74.5) eV Kigure4.5b is attributed to metallic Pt.
After 15 s of Ar sputtering, a weak-4f(4fs,) peak appears at 72.6 (75.9) eV, which becomes more
prominent gon further sputtering. This feature can be assigned.8s R¢. Pt silicide appearing at
the interface between the Pt NCs and Si. In contrast, no Ta silicide feature is observed. The prominent
Ta 4f, (4fs;) peak at 26.9 (28.8) eV corresponds toThgOs (Figure4.5c¢), in good accord with the
earlier report® The presence of the strong,Dg feature and the absence of metal silicide feature
confirm that the agrown Ta NCs have been completely oxidized at least in thesnef@ce region
of the NCs. The minor shift in the spectrum towards the loweirmrehergy is due to the removal of
surface hydrocarbons commonly present as a result of ambient handling-defiredd Ta 44,
(4fs;)) peak begins to emerge at 22.6 (24.5) eV after 30 s of sputtering, and it can be attributed to the
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TaQ, phase (1 < x 2.5). Upon further sputtering to 60 sec, sharper and more intensg,[4f44)

peak appears at 22.4 (24.4) eV, which corresponds to the emergence of the metallic Ta phase. This
peak migration is similar to that found for the O 1s featufeéignre4.5a, indicating the

transformation of T#Ds to oxygendeficient TaQ (1< x < 2.5) and to metallic Ta as a result of-ion

induced reduction of & due b Ar-ion bombardment®
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Figure 4.5 XPS spectra of (a) O 1s (b) Pt 4f and (c) Ta 4f regions for the,(RiDnanoclusters eo
deposited on &-Si substrate as a function of Ar sputtering time.

The photoelectrochemical water splitting properties of theepmsited (Ta@ Pt) NC samples are
studied under simulated sunlight (with an AM 1.5 G filter) using a tble&trode system connected
to an electrochemical workstation.-&i substrates coated with a fixed TaGC amount and three
different Pt NC loading amounts (as showirigure4.3), with a mode size of ~5 nm for both TaO
and Pt NCs, are used as the photoanodes, while a Pt wire and Ag/AgCI (3M KCI) solution are used as
the counter and reference electrodes, respectiidithe photocurrent measurements are conducted

for an illumination area of 5x5 mfiwith a power density of 50 mW/crthalf a sun), in accord to our
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previous work®>®1 M KOH is used as the aqueous electrolyte and the light is flashed on the sample
immersed in the electrolyte. Before discussing the photocatalytic reactions of the NCs, it is important
to emphasize that the substrateH shows no photorespans dark or upon illumination with the
simulated sunlight (data not showRjgure4.6a and 6b show the schematic diagrams for the transfer
and sepattion of photogenerated electrons and holes on thg W&semiconductor surface,
respectively, with and without the presence of metallic Pt NCs. The presence of Pt NCs in the system
promotes the water splitting reaction by efficiently concentrating anteésog the intense light near

the semiconductor surface. In effect, it increases the number of photogenerated carriers that can reach
the semiconductor/electrolyte interface and participate in the desired photoelectrochemical water
splitting reaction to pduce Q and H. With the absence of Pt NGSigure4.6a), the actual amount

of separated electrons and holes are less because of their fast retiomlaind therefore the
photocatalytic activity is limited. In contrast, with the presence of Pt Nigsirfe4.6b), the electron

hole pairs are sepdedl efficiently with the transfer of electrons to the nearby Pt NC surface (before
recombination could occur), leading tg ptoduction, while he holes remaining onto the
semiconducting Tagsurface promote the production of. @he Pt NCs in effect senas the

promoters to the Ta(hotocatalysts by providing temporary charge holding tanks to arrest the quick
recombination process at the semiconductor surféagare4.6¢c compares the photoresponse profiles
observed for the three different (Ta®t) NC composite samples, consisting of a fixed amount of

TaQ, NCs and different amount of @eposited Pt NCd-{gure4.3). Evidently, increasing the

relative amount of the Pt NC promoters from 0 to 15 to 30 min deposition has increased the
photocurrent density from 0.24 to 0.33 to 0.46 mA/atr0.4 V vsAg/AgCl. For Pt loading with 45

min deposition, however, the photocurrent density has discernibly decreased. This reduction could
likely be due to overload of the Pt NCs in the composite system, the excess of which starts to
physically block the photoseitise TaQ, surface, consequently reducing the surface concentration of

electrons and holes available for the reaction.
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Figure 4.6 Schematic diagrams of the mechanism of photoelectrochemical water spéittetipns

for TaQ,NCs (5 nm dia.) (a) without and (b) with Pt NCs (5 nm dia:fleposited on F&i. (c)

Photocurrent density and (d) photoconversion efficiency as functions of applied potential obtained for
a photoelectrochemical water splitting reaciiom 1 M KOH electrolyte, using the (TgCt)

nanoclusters supported on3i substrates as the photoanodes, all with an illumination area of 5x5

mn? under a 300 W Xe lamp coupled with an AM 1.5 G filter at a power density of 50 ni\(aifn

sun).

Thephotoconversion efficiency is dependent on the amount of material loading on the substrate
because of the availability of active surface sites. For the,(TB NC composite with eo
deposition for 30 min, we obtain the highest photoconversion efficieine§.1% Figure4.6d), and
correspondingly a total photoconversion efficiency of ~0.4%, as estimated based on earliet’feports,
at an applied potential of 0.92 V vs RHE. This corresponds to the highest ever photoconversion
efficiency observed for such a nanocluster system, and it is also comparabtets#meed other
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types of TaOs nanostructures (with the photoconversion efficiency in the range o20004)°%*%*

This performance is especially remarkable because the NCs have less than a monolayer and only
~20% coverage on the substrate, in marked contrast to all otleetedpases which employ a
significantly larger amount of materials and therefore provides a potentially much larger number of
active sites for the same reactf8n®* Themost significant result in the present work is that the
performance can be enhanced multifold by incorporating a promoter such as Pt NCs in the
semiconducting photocatalytic system. Furthermore, negyoghesis modification is necessary for
the presenphotocatalyst system, in marked contrast to other reported catalysts diffeseant

chemical treatmerf the materials hae been used to modify the morphology and/or structure of the
active surfaces in order to enhance the water splitting reacticio actiieve better solar
harvesting®***Using a linear extrapolation of the coverage of these defdctiTaQ NCs to a
monolayer, we estimate our photoconversion efficiency to be 2% (5 times higher than what we
observe in this work), which will make our-deposited nanocluster system a top
photoelectrochemical performer in tantalum oxide based photocatalysie Astunt of active

surface sites increases with increasing O coverage, more Pt NC promoters can also be loaded
to further enhance the photocatalytic performance. Furthermore, we could also potentially extend the
work to nanoclusters with even smalééze and to clusters appropriately chemically functionalized,
also suggested our previous wotkboth of which promise new opportunities for other nanesize

dependent emerging applications such as nanoelectronics and solar cells.

4.4 Conclusion

We have successfully synthesized andleposited sizeelected TaPand Pt NCs on ¥5i substrates

at room temperature under soft landing conditions using a mag#etsea nanocluster source

equipped with a quadrupole mass filter. Theyamvn NCs are found to be nearly monosized and
uniformly distributed over the entimurface (without surface agglomeration), where defeht

amorphous TaENCs (with a typical mode size of 5 nm) are well mixed with nanocrystalline Pt NCs
(also with a mode size of 5 nm). Using a different amount of depaosition time for each sputtering
target, the amount of material loading can be effectively controlled and their effects are studied in a
photoelectrochemical water splitting reaction. In the present work, we have described a new approach
of introducing a promoter in the photoelectrochemieatler splitting reaction to reduce the higher
recombination rates of electrdtole pairs generated in the semiconductor photocatalysts and thus
enhancing the water splitting performance. The deiebtTaQ, NC photocatalysts with high specific
surface aga, along with the crystalline metallic Pt NC promoters, contribute to the observed enhanced

photoelectrochemical performance. The highest photocatalytic activity for the water splitting reaction
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is observed when the amount of Pt NCs is almost the safma@R&NCs, while a higher Pt NC

loading leads to blockage of photoelectrochemically active surface qf Fa@eby reducing the

observed photocatalytic activity. Along with the concept of reaction promoters, the use of size
selected, ultrasmall metal/metatide nanoclusters below 10 nm (as produced by the novel Nanogen
nanocluster source coupled with the quadrupole mass filter) can be extended to other applications in

catalysis, chemical sensing, and nanoelectronics.
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Chapter 5
Bipolar Memristors Based on Defect-Rich Ultra-Nanocrystalline
TiOy Film

5.1 Introduction

Resistive random access memory (ReRAM), or memristor, based on transition metal oxides has been
demonstrated as the fourth passive circuit element with potential application as tgenexation

& 7187909116468 pronerties such as low power consumption; sub

nonvolatile memory device
nanosecond switching speed and high switching enddfafioeake the memristor an attractive
candidate for such adaptive systems as logic ¢icoeuromorphic devices and artificial biological
systems. With a simple metal/semiconduairide/metal multilayer architecture that is independent
of the substrate material, the memristor operates on the principle of binary resistive stfitching
between two discrete resistance statexjiated by an ionic transport process. Inspired by the first
successful synthesis of Ti®ased memristor by Strukov et al. in 2008, large class of transition

/88,90.93.95.17074 510ng with chalcogenid&$ and organic polymet® have been widely

metal oxide
studied as the switching materials. Dieghiag on the layered structures and the physical and chemical
properties of these materials, there have been several proposed switching mechanisms, such as charge
trapping’” formation/dissolution of one or more condagtfilaments’* and electromigration of

oxygen vacancies driven by an applied fi€l&f1"*The charge trapping robanisminvolves the

change in the Schottky barrier height (or width) byghesence ofrapped charge carriers (holes or

electrons or both) at the metal/oxide interfateoduced bythe metallic dopants in the switching
material*’"*"® Filamenttype switching is a widely accepted mechanism for the transitietal oxide

based switches, which are based on the emergence of oreeea few nanometsvide vertical

columns (filaments) of either the electrode metal or oxygen vacancies transported through the

insulating oxide laye? %A filamentary system based on an insulating oxide switctiper

generally exhibits unipolar (i.e. nonpolar) switching dominated by the Joule heating€ft¥ct,

which an irreversible electroforming process induced by a hagh(generally greater thaii0 V) is

required to sofbreak the metabxide electrolyte in order to create a temperatlgpendent, oxygen

vacancydefectrich conducting phase for resistive tuning.

Alternatively, resistive switching can also be achielgdbnic drift of the electronically charged
oxygen vacancies between the two metallator (oxide) interfaces induced by an electric field
gradient, thereby tuning the resistance states of the device. T¢afiesb interfacdype switching is
usually bpolar in nature, where the oxygen vacancies migrate towards or away from the interface
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(depending on the voltage polarity) througyhoxygenvacancy defect richonducting conduitvith

the size otheentire device junctianWhile a very high electric fid (10° V cm'")*®*is generally

required to move these vacancies in bulk material, such a field can be easily created by applying a
few volts (610 V) across a film of a few nanometer thick. Depending on the nature of the switching
and electrode materials and the layer stacking arrangement, the switching mechanism could be
thermal dominating (filament type) or electfield dominating (interface type). Of the various
obstacles to fabricating a low power consumption memristor device, théiagglectroforming step

is recognized as the root cause behind the poor reproducibility and shomdifef the

memristor?” #1913 nhile Joule heating cannot be avoided complediel§ing resistive switching, it

is theleast desirablen terms of electronic stabilityf the devicebecausét could change the device
behavior completely with timand could potentially damage or even destroy the device due to
internal heating® Furthermore, the formation anissolution of the filamentary channel could vary
from sample to sample in an unpredictable fashion, which leads to unreliable performance and low
reproducibility and production yield. This remains to be a major challenge and there is therefore an
urgent ned for a new strategy that could mitigate the adverse Joule heating effect and enable the

device to electroform at a much lower applied bias while reducing power consumption.

Here, we report a novel interfatgpe memristive device comprised of an oxygaeancydefect
richTiog( 1Ox<2) wultrananocrystal | i-5mm, sthcked betwednttop nan o ¢
and a bottom Pt electrodes. Unlike the earlier studies, all of which have focused on starting with a
Aiperfect d mat ecrydtadine) afhdersfollbwed by manigulaiéng the defects such as
oxygen vacancies or dopants, our approach is to introduce defects directly from the beginning. We
have shown that by creating a defdach nanocrystalline TiQfilm grown at room temperaturthe
built-in defects at the edges and along structural dislocations could produce highly active non
stoichiometric regions. This enables localization of the electric field to smaller footprints that not only
store the carrier charges in discrete locatlmrtsalso, more importantly, create a constricted, high
electric field gradient with just a small electroforming voltage. We demonstrate, for the first time,
dynamic resistive switching of a higlerformance TiQ@based memristor that electroforms at a bias
as low as +1.5 V (which is the lowest ever reported). Not only does this device provide greater
control and reliability but also higher reproducibility in its endurance and retention capacities. With
the nonlinear (Schottky) OFF state and linear (Ohmig)state, this device also shows stable-non
volatile bipolar switching characteristics with a high @NOFF current ratio and low power
consumption withire1.0 V, where the device can be accessed with various analog and discrete
programmable READ voltagesogether with the simplicity in the device construction, the

performance achieved for our memristor promises a new generation of ReRAM device applications.
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5.2 Materials and Methods

5.2.1 Device fabrication

The memristor devices were fabricasesh crossbar staiure ona SiO,/Si substrate bysing athree

layer photolithograpieal procedure witla masklesghotdithography system3F~100 Xpress,

Intelligent Micropatterningnc.). The device fabrication steps are schematically shoviaigure5.1a.
Shipley 1805 photoresist (MicroChem) was spirmted on the substrate and the pattern was written
under the exposure of UV light (434 nm). The thickness of the photoresist layer was3&phat

in order to achieve highesolution lithographical features. A 500 nm thick layer of MCC primer
(MicroChem) was sphtoated on the substrate before depositing the photoresistc@&ting

parameters for the primer and photoresist layers were 4800 rpm for 40 s, and both layers were
baked after the deposition on a hot plate set 4&CHr 90 s. After the UV lithographical step with a
1.10 s exposure time, the written pattern was developed in-24\Mieveloper (MicroChem) for 30 s
and then msed with Millipore water. For the bottom electrode, a 5 nm thick Ti layer was pre
deposited as an adhesion layer before spd#posited 0 nmthick Ptlayerat room temperature,
followed bythelift -off process For the middle active layer hagh-purity TiO, layer (60 nmthick)
wasproducedat room temperature by-gitu oxidation of Tideposited by usingmagnetron
sputteringsourcefrom a Ti metal targef99.95 % purity, ACI Alloys) ira high vacuunphysical

vapor deposition system (Manepositon Ltd.), followed bythelift -off process. The Aflow was
keptat 20 sccm to maintain the pressfethe deposition chambewith a base pressure b%10'®
mbar)at7.5x10°* mbar.A quartz crystal microbalance was used to monitor the thickness of@Qe Ti
film. Finally, a 30 nm thickPtlayerwasdeposited as the top electrode, following the same procedure
used for the bottom electrode but for a shorter deposition Athine layer thicknesses were

confirmed by using a profilomet@KLA Tencor P6) Forphysical characterization, we deposited, in
separate experiments, Tifllms on SiQ/Si, Ptcoated Si@Si and glass substrates using the same
parameters as those used for the actual devices. All the substrates used in this work were cleaned
ultrasonicaly in HPLC grade acetone, isopropyl alcohol and Millipore water (~¥&2. The SiQ

layers (50 nm thick) were grown on Si substrates by annealing in an oxygen atmosphere in a quartz

tube furnace, with oxygen flow rate set to 50 sccm and the temperatto@86tC for 90 min.

5.2.2 Characterization

Thedevicemorphologywascharacterized bfield emission scanning electron microscopy (SEM) in
a Zeiss Merlin electron microscope. Secondary ion mass spectroscopy (SIMS) was used to analyze
the elemental compositiaf the fabricated devices in depgthofiling mode in an IONTOF SIMS 5
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system The crystalline structures of the-@dasposited and annealed Tifdms were determined by
using a PANal yt i eayHiffrddiBniterivitipacCK X -r& soorceXU\Wisible
spectroscopy on the-a@leposited and annealed Tifdm was performed in a PerkiBlmer Lambda
1050 spectrophotometer. For the electrical characterization studiessistive switchindpehavior of
the fabricated devices was measuredVhsweep modevith a twoprobe DC measurement
configurationby usingan Agilent B1500semiconductor analyzeoupled with an electrical probing
station (Signatone Series 1160)ngsten probe tips with a 10n tip size were used for connecting
to the electrdes.

( a Maskless Sputter deposition of Pt (BE)

Lithosraphv‘ followed by Lift-off
(ML) o

(ML2)

Sputter deposition of Pt (TE) Sputter deposition of TiO,
followed by Lift-off followed by Lift-off

e vl ol e
b-sle gl i o7

Figure 5.1 Device fabrication and electron microscopic analysisSchematic representation of
device fabrication involving three maskless lithography (ML) steps. In ML1, an | bar pattern for the
bottom electrode is exposed to the photoresist. This is then followed by developmenihtvF
remove the photoresist for the pattern, spatating with Pt, and finally the IHbff to remove the
remaining photoresist. This process is then repeated Riwhere a 60 nm TiQunction layer is
deposited in the patterned area whereas in ML3 is repeated with the same parameters for the Pt top
layer deposition. Once the device stacking structure is fabricated, the electrical characterization is
performed by conecting the microprobes to the top and bottom Pt electrodes while the switching
process is observed in the Ti@yer. ) SEM image of the array of devices with different junction
sizes 6x5 pm?, 10x10 um?, 20x20 um? and 5&50 pm?) fabricated on the sanehip, and €) selected
TiO, surface morphology in high magnificatiod) Photograph of the actual device array.
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5.3 Results and Discussion

A high-resolution maskless photolithography technique is tséabricate the threlayer PU/TIQ/Pt
memristor devicen a SiQ/Si substrateRigure5.1a). Magnetron sputtering is used to deposit each
layer at room temperature. An armafymemristor devices with fouypicaljunction size5x5 um?,

10x10 pm?, 20x20 pm? and 5&50 pm?, Figure5.1b) is constructed on a 10x10 mMsubstrate
(Figureb.1d). For each device, the laydritkness of the top Pt electrode is 30 nm, while those for the
TiO, active layer and the bottom Pt electrode are 60Figufe5.2a). A 5 nm thick Tiayer is pre
deposited immediately before depositing the bottom Pt layer electrode on tfgi Sidstrate in

order to provide better Pt adhesion to the substrate, as suggested in earliet’ réports.cross
sectional TEM image and the cesponding EDX elemental map of the multilayer device structure
(Figure 1b) validate the layer thickness dimensions, while therbghlution TEM images of

selected Pt and Ti(areas depict the nanocrystalline nature of both fiFegufe5.2b), which is also
confirmed by Xray diffraction (XRD) analysisRigure5.2c). Using the Scherrer analysis and the
linewidths of the most intense Pt(111) and J#D3) features, we estimate the crystallite sizes of the
Pt and TiQ films to be both 4.5 nm. In contrast, the Tidm depositel directly on a SigSi

substrate (in a separate experiment) does not exhibit anglefeled peaks and is therefore
amorphous. As the deposited Pt layer is ultrananocrystalline, it evidently provides a natural template
to facilitate the growth of the dettrich ultrananocrystalline TiQayer. Precise manipulation of the
Ar-gas flow rate provides good control of the oxygen vacancy defect concentoatiaike the TiQ
active layer suitable for electronic transport. The weak feature at 77.95° in ther&fi® p
corresponds to the metallic Ti adhesion layer, which is also confirmed bygtefitng X-ray

photoelectron spectroscopy (XASgure5.2d).

As Ti™ (in TiO,) could be reduced to metallic Ti by ion sputtering, we limit the sputtering only to
no more than 10 ${gure5.2d). The broad Ti 24 band between the intenseé*Theature at 459.3 eV
and the weak metallic feature484.3 e\ emerged after very brief sputtering, could be attributed to
the presence of Ti(at 457.6 eV) and Ti(at 455.3 eV). The increasing strengths of these latter
features with sputtering confirm the presence of highly oxydgditient TiQ, in the near surface,
which tends to further reduce to*Tafter 10 s of sputtering. The well distinguished Pt{IRD
structurewith a 50x50 pm? junction sizeis also confirmedy secondary ion mass spectrometry
(Figure 5.3a). The minor reduction in TiOwith increasing depth (i.e. from the top electrode to the
bottom electrde) suggests minor intermixing at the interfdd€-Vis transmissiorspectroscopy
(Figure 5.3b) conduced onthe largerarea filmsdeposited on 2010 mn¥ glass substrates under the

same depositiononditions in separate experiments, shows that the transmittance ofiheosited
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film has increased from 8% to 30% in the 468D nm region upon annealing, which supports that the
asdeposited oxygedefident TiQ, film has become more stoichiometric Bi@pon annealing in air
at 600°C.

Pt FCC (PDF 01-087-0644)

Intensity (a.u.)
Intensity (a.u.)

| L | I fi 1 | 11 s |
il

TiO, Tetragonal (PDF 00-008-0386)

e .|||| Ldy ”n L1 .|| | i I i | I B oo
30 40 760 70 468 464 460 456 452
26 (Degree) Bindind Energy (eV)

Figure 5.2 Physical characterization for Ti®@ased memristor devicgs) Schematic crossectional
view of thePt/TiO,/Ptdevice architecture supported on a $8Dsubstrate.) TEM imageof a

cross section of a typical memristor device, with the corresponding EDX elemental maps (top right)
and highresolution TEM images of selected Pt and,li€yions (bottom right}-or each device, the
layer thickness of the top Pt electrode is 30 nm, while those for theagii®e layer and the bottom

Pt electrode are 60 nm. A 5 nm thick Ti layer isgeposited immediately before depositing the
bottom Pt layer electrode on theJ&iSi substrate in order to provide better Pt adhesion to the
substrate.d) XRD profile and ¢l) depthprofiling XPS spectra of Ti 2p region of a Tifilm as-
deposited on the Pt bottom electrode-geposited with a Ti adhesion layer, all supported on a
SiO,/Si substrate, shown along with the reference patterns for Pt FCC (PEIB#-0644) and TiQ
tetragonal phase (PDF#-0080386) in ¢ and with the binding energy locations of relevant Ti ionic
states in d. As TT (in TiO,) could be reduced to metalllé by ion sputtering, we limit the sputtering
only to no more than 10 s. Precise manipulation of thga&rflow rate provides good control of the
oxygen vacancy defect concentrattormake the TiQactive layer suitable for electronic transport.
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Figure 5.3 (a) SIMS depth profiles for the Pt/Tjf®t memristor with junction size of 860 pm?.

Secondary ion mass spectrometry is used to examine the changes in the elemental composition in the
multilayereddevice as a function of sputtering depth. Different colored regions correspond to

different layers as mentioned on the top of each colored region. Evidently, there is a uniform
distribution of oxygen within the TiOmatrix while there is no oxygen diffusionto the Pt layer,

which accounts for the stability of the electrode.W)-Vis spectra in transmittance mode for the

TiO film as-deposited and annealed on glass substrates. The difference in the transmittance is due to
the phase change with oxidatidaring annealing step. The-dsposited film is sentransparent

with the observed transmittance at ~8%, while annealing causes the sample to become more
transparent, with the transmittance increased up to ~30 %. This can be correlated with the phase
charge from the more conducting Ti@ the more insulating Tigdue to further oxidation during
annealing.

5.3.1 Switching behavior

Prior to any applied bias, the Ti@m stays in the virgin state, exhibiting very high resistance of
~M(q, with oxygen vacanciesstributed uniformly throughout the film thickness. The conduction
mechanism of the device in the virgin state is therefore governed by the low oxygen vacancy
concentration at the Pt/Ti@nterface, which leads to Schottkite rectifying behavior in the etent
voltage (-V) curve over the1.0 Vrange Figure54a, i nset). To fiactivateo
time from its virgin state to the ON state, the device must undergo an irreversible electroforming
process, in which the applied bias is ired in small increments to generate an electric field
gradient just sufficient to enable ionic dif#lectromigration of oxygen vacancies in our case)
between the electrodeSigure5.4b). In the positive sweep (starting from zero applied voltage); the
V chaacteristic changes dramatically from the exponential behavior (of the virginFStates5.4a,
inset) at +1.5 V. At this soalled electroforming voltag¢he device, for the first time, undergoes a

sharp transition from the high resistance state (HRS) to the low resistance state (LRS) with
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significant increase in the corresponding curr€igure5.4a, top panel)To ensure the safe operation
of the device, a compliance current is se1® mA.Once activated, the correspondirg profile of

the device shows a symmetrical Ohmic behavior 16t®2 V,during negative sweep. AD.92 V,

the device exhibits a voltagmntrolled negative differential resistance over a small range {from

0.92 V toi 1.08 V) before it returns to the OFF state (i.e. the device undergoes a reverse transition
from LRS to HRS) at the negative threshald.b V). This corresponds to the inhomogeneity in the
electric field arising from scattered oxygen vacanciesiduhe negative sweepup tothis
inhomogeneitythe interface could provide oxygen vacancy trapping siested by electric field
localization in the ultrananocrystalline film, which causesdifference in oxygewmacancydiffusion
capacity and leads to tiselforganized spatial pattern formationtbéelectric field domains'and
interfacetype (isothermal) switchintf? In a schematic representation of the complete switching
mechanismKigure5.4b), the activation of the virgin state is followed by initialization in the
electroforming (first) cycle, after which the device can be used in subsequent SET/RESET cycles
during normal operation. During activation (the first positive sweep), a conddi op of oxygen
vacancies within the TiOmatrix is formed to enable the ionic drift, and at this stage some oxygen
vacancies are permanently trapped at the bottongHi@hterface. In the first negative sweep (the
initialization step), the oxygen vacaes are driven away from the bottom electrode, which opens up
a small gap between the trapped vacancies at the bottom electrode and the vacancies attracted towards
the top electrode in the conduit (referred here as the conduiFigape5.4b). Because of the single
phase TiQfilm, this switching behavior is irrespective of the directional bias, i.e-theurve

obtained with bias applied on the telectrode (and the bottom electrode grounded) is a mirror image
of that obtained with the bias applied on the bottom electrode (and the top electrode grounded)
(Figureb.5). This is an important result because almost all of the memristor devices reported to date

are unidirectionaf®16®

where one of the interfaces is Ohmic with the other Schottky by default. This
unidirectional switching characteristic is due to the presence of an additiondyé®in their

device architectur®?'°’which imposes the filameitype switching mechanism based on Joule
heating. As the oxygen vacancies have to cross the insulatingdpdiier by forming a filament (or
filaments) via a tunnelg process, a significantly higher applied bias is required. In our case, the
Schottky and Ohmic interfaces are created with the ionic drift in the gahglse oxygewleficient

TiOy layer, which removes the need of tunneling. This in turn enables tiatiact of the device at a

much lower voltage and the device to be operated irdadxtional fashion.

The corresponding || vs V profileBigure5.4a, middle panel) demonstrate the two orders of
magnitude difference between the current obtained in the virgin state (over the sweep voltage range of

+1.0 V) and that in the electroforming step (sweep voltage range of £1.5 V), while the resistance
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profle (obtained based on Oh moKguresaypottdneanel)t he el ectr o
illustrates the significant resistance difference between HRI$|J andLRS (~kq). The latter also

confirmsthe Schottky to Ohmic Pt/TiOnterface exchange during the electric field induced ionic

drift in the electroformingprocessn contrast to the ther'meeteadomi nat e
critical temperature (induced by Joule heating) is required for filament formation, our memristor

shows an extremely sharp transition between the HRS and LRS. This is because the low

electroforming voltagél.5 V) achieved in our case minimizes any excess heat such that the vacancy

drift could occur at temperature much lower than the critical temperature. This lower temperature

freezes the resistance state, which induces a sharp transition between thelHHRS ,ahustrating

the ultrafast switching capability. This is a significant result because the electroforming voltage in our

case is much smaller than those in previous repoi® (8) *°41%218313¢€yen with the sealled

electroformingfree devices, their switchinGET) voltages are reported to be ¥%\and 10 V%2

which are at least 5 times the SET vg#éaf our present device (1 V). Further, the strongly nonlinear

and linear 4V curves for the respective OFF and ON states provide much better sensitivity during the

READ operation, where an almost constant-toMDFF current ratio can be achieved irresipechf

the READ voltage. We attribute this to the increase of localized electric field density as a result of the
ultrananocrystalline nature of our Ti@lm, and to the inherentliligh concentrationf built-in

oxygen vacancies, which reduces the rfeefurther oxygen vacancy evolution at high bias through

Joule heating.

After the first sweep cycle, the device does not require the electroforming voltage to tune its
resistance anymore because the device never returns to its virgin state aftevénsihies
electroforming step. The device switchirkgure5.4c) can then be described as transitions between
two dynamic states (the ON and OFF sthtabled by two processes (SET and RESET). Starting
with the OFF state, the device encounters high resistance and therefore provides a very small
rectifying current. During the SET process, the device undergoes transition from the HRS (i.e. the
OFF statg¢to LRS (i.e. the ON state), at which the device enters a conducting state that follows the
Ohmic behavior. During RESET, the memristor device switches back from the LRS (ON state) to
HRS (OFF state), and the device does not return its virgin stategamer @arrier transport is
disturbed only up to a small extent by creating a conduit lggpie5.4b). In the next SET/RESET
cycle, it only requires-1.0 V (Vse1) to extend the conduit again for switching to the ON statdé and
1.0 V (Vresey) to retract the conduit for switching back to the OFF state. The SET and RESET can

therefore be repeated with#t1.0 V in the subsequent sweep cycles.
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Figure 5.4 Memristive switching characteristics and mechanism of a typical RtAti@evice with a

51 5 ?jenntion size(a) (Upper)Current (I) vs voltage (V) curve for thiedt positive @ctivation

swe@ involving resistive switching at the electroforming voltage of +1.5 V. In the first negative
(initialization) sweep, the voltageontrolled negative differential resistance (NDR) observéd at
0.9271.08 V is due to inhomogeneity in the electric fieldsdiby vacancy gradient. Inset shows the
same 1V curve for the virgin state of the device (prior to electroforming). (Middle) |I| vs V profiles
(with |I] in a semilog scale) for the virgin and electroforming states, and (lower) corresponding
resistance v¥ profile for the high resistance state (HRS) and low resistance state (LRS) in the
electroforming step. The resistance is observed to be of thel e r indHRSvMq. kq.(b) n L RS
Schematic representation of the bipolar switching in the memory eleévidightthe device initially

stayed in an equipotential state (the virgin state) with uniformly distributed oxygen vacancies prior to
any electrical bias, a positive biase¥woforming 1S applied to create an electric potential gradient in

order to indue ionic drift of the oxygen vacancies. After this irreversible electroforming process, a
negative bias is applied to return the device from the LRS to HRS. Following the intggdace

switching mechanism, the positively charged oxygen vacancies cantsslgas/ards (SET) and

away from (RESET) the interface through a conduit that covers the whole junction size, respectively,
by the positive and negative sweep biasgsTypical -V switching loop observed (without any

evidence of negative differential rssnce) in normal SET (OFF to ON) and RESET (ON to OFF)
operations after the first electroforming process.
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During the negative sweep, the correspondliiiprofile of the device shows a symmetrical Ohmic
behavior untit0.92 V where the memristive dewiexhibits voltageontrolled negative differential
resistance over a small range, froh92 V toi 1.08 V, before it returns to an OFF state (i.e. the
device undergoes into a reverse transition from LRS to HRS) at the negative threshold) (This
comresponds to the inhomogeneity in the electric field arising from scattered oxygen vacancies within
the conduit gap. e tothisinhomogeneitythe interface could provide oxygen trapping sites, causing
the difference in oxygen diffusiazapacity, which leds to theselt-organized spatial pattern
formation of electric field domaing and isothermal switchin? It should be noted that because of
the single phase TiQilm, this switching behavior is irrespective of the directional bias, i.e-the
profile obtained with bias applied on the top electrode (and the betemtnode grounded) is a mirror
image of that obtained with the bias applied on the bottom electrode (and the top electrode grounded)
(Figure 5.5a& b).

(3) s0[ virgin states e and (b) 1005 :Eszg

Current (uA)
o
T

M # OFF ,

5001 4 mRESET

' 092v
-10.0 w’fogzv

50+
1 | 1 | 1 | 1 | 1
-10 -05 0. 0.5 1.0 -1.5 -10 05 00 05 10 1.5
Voltage (V) Voltage (V)

Figure 5.5 Virgin and activation states of the memory devices witk%yBn? junction size. § In the
virgin state, the-V curve is obtained with a sweep voltagé.Q V) applied on either of the top or
bottom electrodes while keeping the respective other electrode groBsdedise of the singlghase
TiO, film, this interfacetype switching behavior is irrespective of the directional bias, i.e-the |
curveobtaired withthe bias applied on the top electrofeE) [and the bottom electrodBE)
groundediis a mirror image of that obtained with the bias applied on the bottom electrode (and the
top electrode groundedp) During the device activation step, resistsvetching is obtained at an
electroforming voltage of1.5 V andi 1.5 V for the device operated with BE and TE grounded,
respectively. The correspondify behavior also exhibits a negative differential resistance region
starting af 0.92 V and +0.92 V aspectively. The similar resistive switching behavior of the device
found when operated with both directions of the applied bias reveals the similar nature of the top
Pt/TiO, and the bottom Ti@Pt interfaces.
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The bipolar resistive behavior observed far memristive devices, with oxygamcancydefect
rich ultrananocrystalline TiQas the switching matrix, indicates the switching mechanism to be the
interfacetype, in which ionic drift is driven by electric field through the spatifsiyned conduif”#
This is contrary tahe popular beliethatthe switching mechanisin TiO, based memristor devices
involves conducting filament formation within the oxide ma#ie@ng with a unipolar chartaristics
(unlike bipolar switching that usually occurs in asymmetric devi¢€$f®°The thermally driven
filamenttype and biaslriven interfacetype resistive switching mechanisms can be differentiated by
considering the area dependence of the current density for feenedifjunction sizes (& pm?,
10x10 pm?, 20x20 um? and 5&50 pm?). While the Vet (+1.0 V) and Meser (i 1.0 V) are found to
be independent of the junction size, the-@MNFF current density ratio is inversely proportional to
the junction sizeKigure5.6a). These results indicate that resistive switching in the RiHi@evices
involves the entire junction area of the cell, i.e. the eirtteface. As the typical filament size is a
few tens of nanometéf®**’filament formatim does not depend on the junction size and conducting
filamentbased switching is therefore junctisize independent. This is clearly not the case for our
devices here. The smaller current and highet®NFF current density ratio for smaller junction
size suggests lower power consumption and an even high¢o-ONF current density ratio can be
achieved with a nanoscale junction size. As shown by the nearly overlappimapfiles of over 250
consecutive switching cycleBigure5.6b), our Pt/TiQ/Pt memristor devices also exhibit a high level
of durability in term of its switching repeatabilitgach switchingycleis clearly marked by itsharp
transition betweethe HRS and LRS and the process is extremely reversible resistance dlfie
HRS and LRS can HREAD at a small voltage, which does not affect the resistance Btatine
corresponding ON and OFF currents obtained at a srR#{CRvoltage of +0.25 V for the
aforementioned 250 switching cycléddure5.6c¢), the small variation (0.25 mA) found for the ON
current (~2.0 mA) anthe OFF current (~0.1 mA) over the 250 cycles clearly demonstrates the
remarkable stability of our memristor devices. It is important to that due to Ohmic (linear) behavior
of the ON state, the resistance remains the same in LRS (throughout the Baswhaiu enables
the use of a READ voltage (as small as 10 mV, data is not shown) with less than 10 % error. The
minimal power requirement for switching and reading operations makes the device highly desirable
for building environmentriendly ultralow paver consumption systems. The retention characteristic
of a memristive device can be evaluated by monitoring the degradation in the current at a particular
applied READ voltage for an extended period of tifigre5.6d). At a READ voltage of 0.25 V,
the current obtained for the ON state is remarkably stable for at I€as(vith less than 1%

variation of the average current of 2.0 mA), especiallgmtompared to that in OFF state (with
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more than 10% variation) which can be extrapolated to an estimated device lifetime of well over 10

years.
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Figure 5.6 Junction size dependency, resistive switchinguesuace, and resistance state reten{an.

|| vsV profiles of memristor devices with four different junction sizes5(Bm?, 10x10 pn?, 20x20

um? and 550 pm?) after the electroforming step. The current densities (J) are found to be inversely
proportional to the junction size, which supports the interfgge memristive switching mechanism.
Among all four junction sizes, the best (i.e. highestHONDFF current density ratio is obtained with
the 55 pm? junction. The lower current obtainedrfthe device with the smaller junction size

promises lower power consumption as the device continues to be miniaturized. This is also
particularly promising for high density device manufacturing involving discrete SET and RESET
processes. The corresporgliii vs V profiles in the 0.60.95 V region for all four junction sizes

(inset) illustrate the lower current but higher @NOFF current ratio found for the smaller junction
sizes, thus validating the lower power consumption performance for the détice smaller

junction. @) | T cdrves and corresponding |I| vs V profiles (ingethin thesweepvoltage range of

+1.0 Vfor over 250 consecutive SET/RESET cycles for the memristor device with jan%

junction size(c) ON and OFF currents obtainedsatmall READ voltage of +0.25 V for the 250
switching cycles, where the writing is performed gi(+1.0 V) and erasing atr¢ser (1 1.0 V). The
currentsfor boththeLRS andHRSareobserved to be very stable throughout the sweep cyd)es.
Current vdime plots to illustrate the retention characteristics of the memristive device observed at a
constant READ voltage of 0.25 V for the virgin state (before activation) and the ON state (after
activation). The current obtained after the activation is exisestable for over 10s, with a

projected device lifetime to be well over 10 years.
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In analogy to the biological synapse, the dediseshows very quick response between the ON
and OFF states when triggered with the READ voltage pulses applied fondtba repetition
interval of 5 s Figure5.7a). The ON current is observed to maintain a constant value for the duration
and then rapidly returnse its OFFstate value. Such very short response time and very high switching
speed are characteristic of excellent shemin potentiation (that can potentially be reduced to the
nanosecond or shorter regime), the device could serve as a key buildinmiddelanced computer
logic and neuromorphic circuits. Further, the device is also capable of maintainingstau@Mnd
OFFstate current values for an overall testing period of oves,ith repeated cycles of respective
ON-state and OFstate voltges when appliedith a longer interval duration of 300 Bigure5.7b),
which demonstrates the outstanding keegn potentiation of the device. Thdsal potentiation
behavior of the device facilitates greater flexibility in achieving quick ON/OFF switching response at
sequential ¥erand Vkesercycles and small READ voltage. Upon further analysis of the switching
behavior of this memristor device bdsen different sweep ratesgpfis found to be highly
dependent on and nearly proportional to the sweep rate, with smgheabained for smaller sweep
rates and vice vers&igure5.7c). When the alternating electrical pulses of +1.0 Viah@ V are
applied for different time periods (i.e. at different frequencies), the SET/RESET window
(corresponding to the difference in current between the@NOFF states) changes with frequencies
during the binary switching={gure5.7d). The ONstate and OFBtate currents are found to be
extremely stale at and above 8 Hz but become dramatically disrupted for the lower frequencies (i.e.
for 1 Hz and 0.1 Hz). This indicates that our memristor device is inherently more compatible with

voltage switching at high frequency but not low frequency.
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Figure 5.7 Memristor response to electric pulses with short and long time widH3esistive

switching of the Pt/TiQJPt device indicating stable current response upon-siront potentiation

obtained with shorlectric pulse of +0.25 V amplitude (read voltage) applied for0.5sina5s

interval. @) The corresponding current response upon-teng potentiation obtained with stable ON

and OFF states for read voltages (0.25 V) applied for 300 s in a 300 slimezv a testing period of

10°s. €€) SET voltages of the P/Ti@Pt device obtained at different sweep rategztends to

become smaller almost linearly with the smaller sweep mjt&itary ONOFF operation with

alternating +1.0 V andl1.0 V pulsest different switching frequencies (30, 8, 1 and 0.1 Hz) and
corresponding pulse durations (0.03, 0.125, 1 and 10 s). Switching between the ON and OFF states is
highly dependent on the input parameters, where the SET/RESET window is found to be stable for
frequencies above a particular value (8 Hz in our case) i.e. for smaller pulse duration (less than 0.125

S).
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5.4 Conclusion

In conclusion, we have successfully introduced a new ultrananocrystallipen&i@rial for

fabricating lowbias electroformed Pt/TiZlPt memristor devices. Combined with the
ultrananocrystalline nature (with an average crystallite size below 5 refitiin oxygen

vacancies in the defedth TiO, matrix are found to be responsible for the electric field localization
that enables gigen vacancy trapping discretegrainlocatiors. This makes possible activation of the
memory element at a much lower electroforming voltage (1.5 V) than those reported in the literature.
Our devices follow the interfaggpe switching mechanism, congist with the observed inverse

current density dependency on the junction size. High endurance for large number of repeated cycles
and high retention capacity of the device provides an estimated device lifetime of well over 10 years.
Along with the operatig voltages and the resulting low power consumption advantage, theeshort

and longterm potentiation at much smaller READ voltageskes these devices highly suitable for
neuromorphic systems. The simple, completely ré@mperature fabrication proce@uior such
high-quality, highperformance memristor devices promises scalable manufacturing of the next
generation ReRAM devices that are easily integrable into a 3D stacking device architecture.
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Chapter 6
Programmable, Electroforming-free TiO,/TaO, Heterojunction-

Based Non-Volatile Memories

6.1 Introduction

Memristors are the pillars of tlaspiringfuturistic electronic industrywhich will soonbeused as
fundamentdl new class ohonvolatile memories in adaptive circuits such as neuromorphic circuits
and artificial biological systemdltrafast switchingalong with low power consumption and very
high endurance/retention performanaeethe most basic requiremerbanyfuture nonvolatile
memories (memristorgy.’*103.107185.18890 | the pastdecadethe commonly used memristongre
based on vahce change memorigshere resistive switchinig believed to involvenechanisms such
as electromigration of oxygen vacancie®charge trapping®and conducting filaments™*%*
depending on electrifield or thermal dominating effect€urrently,the remainingbstacleghat

need to be overcome in thasemory devicefclude thdargevariability in electrical performance,
the requirement of an electroforming stepd high density integration of the memory cualith

lower power consumptiorin largepart, these obstacles are ini@lated, and they come frotime of
FowlerNordheim tunneling”*">*®4where a high voltage:6-10 V) is required to creagesufficient
electricfield for soft breakdown of the dielectric material in the mataulatormetalthree
dimensionabktacking structure¥? The FowlesNordheim tunneling is closely related to the formation
and rupture ofconducting filaments within the switching matrix between two metal electradds,

is usudly initiated by an irreversible electroforming steip which a single material phase in the
oxide semiconductor is converted into two phaaeonducting oxygedeficient phase ian

insulating matrix

After the electroforming step, the degishows a pinched hysteresis loop in its cufveltage
characteristicavhere the device shows a distinct current level shift fadngh resistance state
(HRS) toalow resistance state (LRS). The major disadvarstafithe electroforming processe: @)
time-consuming as each device must go through the electroforming step before commencing normal
operation, (b) high variance between the devices, even on the same waferuaneliéd)le
endurancef the device. These drawbacks are primariysed bgxcesive Joule heating®**and
thereforethe electroforming itagecan vary uncontrollably from sample to sampéso, with the
further oxygen evolution in each cycle, t@nducting channeanbecome damaged in each wite
erase cycleesulting inlow reproducibility over a large number of devices on the same chip

Electroformingfree switching behavior ithereforemportant to facilitate high density device
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integration and nodestructivereliableoperation at low power with long retention time dmigh

switching speed® The search foamaterial systerthatdoes not require electroformipand

therefore the need fone local conducting filament rabkanismis acrucial next stefor further
advancememf the memristors. Recently, a few research groups have focusiee ase of

doping®, nanostructue formatiod® and multilayer stacking®'*2*%*in the switching matrix to

create an electroformiaigee memristor, but the effortemainlimited by the high switching voltage

andby the shorlifetime (endurance) and retention capabilitasised byon-uniformity of these
processeddere, we demonstrate the exceptional performance of a memristor device based on a novel,
hybrid TiO/TaQ, switching matrix.

Ta,0s is a weltknown higha dielectric materiatommonly used ifield-effect transistcs;*® '

but it isattractinga lot of interestfor its usein memristortechnology!®*#19° 192 whjle single

Ta,0s layer based devices have exhibited the characteristic memristive switching (espetglly in
oxygen deficient phase, often referred as,Jatheir performance is limited by the need for a high
voltage electroforming process (prior to the switching), in which the device in its virgin state must be
subjected to a high irreversible electroformiroltage. The electroforming voltage is always much
higher than the SET and RESET voltages required for the repeated switching®ykde=ach layer
couldplay a significant role in the switching mechanjsraterojunction devices have become very
important devie architecture for the memristoEor the first timewe present a memristive

switching device based aheTiO,/TaQ, heterojunctionwith Ptservingas the top and bottom

electrode materialn its metastable state, Ta€erves as the reservoir for theygen vacancies,

while the switching occurs in the TiGayer. By varying the Tagthickness while keeping the TjO

film thickness constant at 10 nm, we could control the switching behavior and optimize the device to
achieve electroforminfree switching peration with high reproducibility. Thést switching occurs

at a much smaller voltage of +Ov8than previously reported devic®é**with the subsequent0*
switching cyclesat similarly low voltages, yielding a high performance device that is significantly
betterthan others. We further demonstrate that the resistive switching can also occur at very

programming voltage (~ 50 mV), which makes it an ultralow power consumption device (~nW).
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6.2 Materials and Methods

6.2.1 Device fabrication:

The memristor devicese fabricatd in a crossbar structure on %8l substratem three layer
photolithographical steps by using a maskless lithography system (Intelligent Micropatterning Inc.).
Shipley 187 photoresist (MicroChem) was spiivated on the substrate to perform photolithpby
under the exposure of the tiight (434 nm) The thickness of the photoresist layer was maintained at
2.5um in order to achieve high resolution lithographical features.-&mting parameters ftine
photoresistayer were set t8500 rpm for 40 sandthe coated film wasubsequentlpaked on a hot
plate set at 90 °C fd@0 s. After the UV lithographical step, the written pattern was developed in a
MF-24 developer (MicroChem) f@0 s and then rinsed with Millipore water. Ebebottom

electrodea 30 nm thick Pt layer was sputtdEpositecn SiQ/Si substratat room temperature
followed by lift-off process. For the middle active layathigh purityTaO, (60 nm thick) layer s
deposited at room temperature using a radio frequency (RF) magsetrttering source from aal

metal target (99.95 % purity, ACI Alloy) in a physical vapor deposition system (Mantis Deposition
Ltd.) with a base pressure of 1x3bar, followed by lift-off process. The Aflow was kept at 20

sccm to maintain the chambenessure at 7.45xF0nbar. A quartz crystal microbalance was used to
monitor the thickness of tHéms. Finally, the top Pt electroderiented at 90° with respect to the
bottom electrodejvasdeposied using the same procedure as the bottom electhduigh purity

TiOy (10 nm thick) layer is deposited during the top Pt layer deposition. Thénhitknessesf all

the layersveredetermired by using a profilometer (KLA Tencor P6). For the physical
characterization, theaD, films were deposited oRt-coatedSiO./Si substrates using the same
parameters as those used for the actual devices. All the substrates used in this work were cleaned
ultrasonically in HPLC grade acetone, isopropyl alcohol and Millipore water (~1)2 e native
oxide layen~100 nm)was grown on Si substrates by annealing in an oxygen atmosphere in a quartz

tube furnace, with oxygen flow rate set to 50 sccm and the temperature set to 900 °C for 90 min.

6.2.2 Characterization

The device morphology is characterizeditansmission elgron microscopy (TEMin a Zeiss Libra
200MC microscope aniield-emission scanning electron microscopy (SEMAZeiss Merlin
electron microscopeoupled with an EDAX energglispersive Xray (EDX) analysis system for
elemental mapping-ray photoelectin spectroscopy (XPS) t®nductedn depthprofiling modein
orderto characterizéhe chemicalstatecomposition of the fabricated devicasa ThermoVG

Scientific ESCALab 250 microprobe equipped with a monochromaticUM ay source (1486.6
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eV). Argonion sputtering is performed over a raster area<8frfBnt at an ion beam energy of 3 keV
and a typical sample current density of 110 nAfiriine XPS data are fitted by usitige CasaXPS
softwareafter removinghe Shirley backgroundlhe crystalline strictures of the adeposited &0,

films with different film thicknessesra determined byglancingincidence Xray diffractionin a

PANal yt i c aMRDXifiracemeter uBimgdC u K-ty sdurce. For the electrical
characterization studies, the resistive switching behavior of the fabricated devices was measured in
| " sweep modesing two probewith a Signatone Series 11606ur-probe dc measurement system
coupled taan AgilentB1500semicomluctor analyzer. Tungsten probe tips wathO pum tip size were

used for connecting to the electrodes.

6.3 Results and Discussion

6.3.1 Pt/TiO,/TaO,/Pt device architecture

The devicestructureof atypical multilayer memristonas beerabricated on SigSi substragsby
using a high resolution maskless lithographlye area of TiQTaQ, layer sandwiched between top
and bottom Pt electrodes defithe junction sizer cell size The TiQ and TaQ layeraredeposited
by RF magnetron sputterirgf the respectiv@i and Ta metal targets. The Ty@Im thickness is kept
constantt 10 nmwhile four different TaQ film thicknesses (10, 20, 40 and 60 rarg used by
appropriate deposition timgSigure6.1a& b show the SEM imageand the corresponding EDX
elemental mapef the memristor device with a junction size of 10x1G where the EDAX mapping
verifiesthat the oxygen is confined onhjithin the sandwiched laygbetween théop and bottom Pt
layers(thatdo not get oxidized The three dimensional device structigechematically represented

in Figure6.1c.

To examine the Tadilm on the Pt electrode (i.e. without the Ti@yer and the top Pt electrode),
we deposit, in separate experiments, individiaD, films, eactwith a different filmthicknessover
a large arean Pt-coated Si@Si substrate. The corresponding glancinipcidence *ray diffraction
patterns for TaQfilms with different film thicknesseareshownin Figure6.1d. Forthe 10 nm thick
TaQ film, its XRD pattern only shows features corresponding to the underlying nanocrystalline Pt
film (with a crystallite size of ~5 nm, as estimated by the Scheredysis, See Supporting
Information for calculations), which indicates thiag tL0 nnthick TaQ, film is largelyamorphous
All other thicker Ta@films exhibita nanocrystallinenaturewith the crystallite size less than 5 nm.
The nanocrystalline struckin thicker Ta@film is likely to be induced byheunderlyingPt layer
which provides théemplate for theanocrystalline growth ith longerdepositiontime. Depth
profiling XPS analysis has been performed on the 60 nm thick fillaCdeposited ora Pt-coated
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SiO,/Si substrateThe Ta 4f spectum for the asleposited film(Figure6.1e) showsan intense Ta 4§
(4fs;) peak at 27.01 (28.93) eV and a weaker Ta éffs,) feature at 22.31 (24.23) eV, which could
be attributed td'a,0s and TaQ (1 O x 02.5), respectivey.102 The TaOs layer, likely due to surface
oxidation in airis reduced while the oxygerdeficient TaQ layerappears to increase in intensity
upon sputtering foB0-60 s. Further sputtering for 300lsadsto ion-inducedredudion of TaQ to
metallic Tawith Ta 4f,, (4fs),) feature at 21.98 (23.84) eV. The intensity changbernO 1s feature
at 531.45 eV is consistent with the initial removal of surfac®dia the first 60 s of sputtering,
followed by steady O 1s intensity after reaching theTlager upon 300 s sputteringigure6.1f).

6.3.2 Memrister Performance and Switching Mechanism

Tantalum oxide has become a popular material choice for memristors lately due to impressive
performance in the areas of endurance, switchiregd, and power consumpti8hAccording to the
equilibrium binary phase diagram of-Tx there are only two stable phases in the solid state,
conducting TaO and insulating F@s.2%? During the resistive switchingf Ta,0s based memristors

the insulatingl .05 phase transforms into thermhuctingTaO phase with the evolution of oxygen
vacanciesnitiated byJoule heatingt high applied bia8" It could, therefore, be possible to

achieve the electroformingee characteristics in the memristor devices if the Joule heating step could
somehowbe avoidé by cleverstructural modificatioro the multilayerdevicestructureTo

accomplish this, the twpreferedapproachesvould be {) to creat in-built oxygen vacancies in the
tantalum oxide film during depositipand {i) to create a heterojunction nildyer structure (with
different electronegativity)}=rom our previous experience with TiBased memristofghapter 5)

we adapt the latter approach to fabricate a heterojunction betwegard@aQ. The choice of

metal electrode is also a cructaingderationfor achiewng stable memory cell@&nd Pt is thenost
suitableelectrode material in this case because its work function correlates in such wayFdamiits
level is almosh perfect matcko thedefect stateef TaQ,. Our heterojunctiormemrigor therefore

has three different interfaces; Pt/Ti@op), TiO/TaQ, (middle)and TaG/Pt (bottom), and each
interfacehas a significant contribution to the overasistive switching event. In its virgin stdteior

to any electrical bias)he devicaemairsin a high resistance state R3) (~Mq ), consistent \ith the
oxygen vacancies uniformly distributed in tmak of theTaQ, film .*****Thevirgin state of the

device can be determined by applysmallvoltages and measuring the resistance, and then stepping

up the voltage gradually to determine the set voltage.
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Figure 6.1 Device schematics and physical characterization of the RimMaQ,/Pt heterojunction.

(a) SEM images of the device with 10x103jonction size along with the corresponding EDX
elemental mapping (b) indicating the relative quantities of Pt, Ti, Ta, and O. (c) Schematic diagram of
the multilayer architecture of the Pt/Ti®aO,/Pt memristor device with specified thicknesses for
each layer. The thickness of the Td&yer is varied from 10 nm, while keeping the TiO

thickness the same (10 nm), to observe the, Ta@r thickness dependency on the electrical
behavior of the mmristor devices. (d) XRD spectra of unpatterned,fa@s with four different
thicknesses (10, 20, 40 and 60 nm), as deposited on the Pt coall&i Sibstrates (peaks are
labeled with the ref. 60150244 for TaQ and 00001-1311 for Pt). It is obseed that the 10 nm

thick film is amorphous in nature while the other films show nanocrystalline behavior, with similar
nanocrystallite size (~ 4.5 nm). (e) & (f) Depth profile with respect tmArsputtering in XPS

spectra for Ta 4f and O1s for the largeea of TaQPt layer deposited on Si3i substrate.

In thevirgin state, an intrinsic Schottky barrier exists between the Pt and thday@@andthe
device exhibitan exponential curremltage behaviofThe resistance state can be tunedmylying
bias between the metal electrodes to create an electritHatldausethese positively charged
oxygen vacancie® drift towards the metal electrodes. Tlhe-bias,electroformingfree resistive
switching in the TiQ'TaQ, heterojunction memristaranthereforebe understood in tesof drift of
in-built oxygen vacancies and ions through cationic transport in thel@gé€dfollowed bydiffusion

into theTiO, layerdue to the more electronegative TiBan TaQ. Such process is often known as
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valence change memory/° Whena positive bias is applietb the bottom Pt electrodéhe cations are
pushed towards the Tj®ayerand reach to the top Riyer. In present cas¢he moreelectronegatig

TiO, layer can attract the vacancies efficiently even at low; hibie the leakage currentmains

very low because of thadh-a nature ofthe TaQ, layer. The process whichthe device goes from

HRS toLRS is called SE]Jwith the correspondingoltageVserw Similarly, RESET ighe reverse
processvhen the device goes from LRS to HRBhwoltageVgreser Figure6.2 shows a schematic
diagram for the switching mechanism based on the band structure where the oxygen vacancies are
uniformly distributed in both TiQand TaQfilms in its virgin state figure6.2a). The band bending

in TiO, and TaQ films is due to the buiin oxygen vacancy defects. When a positive voltage is
applied to the bottom Pt electrode, the Pt Fermi level is brought tad®wwith the conduction band
edge of the TagXilm and vacancy drift occurs. Below a certain voltage, the generated field is not
sufficiently strong for the vacancies to diffuse through the Ta@er and the device remains in the

HRS Figure6.2b&c). When the applied voltage on the bottom Pt electrode is sufficiently high, i.e. at
or above ey, the conduction band edge is further lowered to belowtleermi level. In this SET
process, tunneling and diffusion of oxygen vacancies occur and the vacancies could be pushed easily
towards the top Pt electrode, switching the device to the ERBrg6.2d). In the reverse sweep, the
oxygen vacancies are pushed away from the top electrode and the device goes back to the HRS. In
this RESET process, a+vacancy zone in the TiQayer is created and a deeaptevel occurs in the
TaQ layer, capturing some charge carriers for the next cyEigsine6.2e). After the first cycle, the

SET and RESET processasuld be repeated by setting the applied voltage appropriateltand

VRESET
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Figure 6.2 Schematic diagrasof band structures in various states dutimg switching mechanism

in a Pt/TiO/TaQ/Ptheterojunctiormemristorfor (a) Virgin state under zero bias condition: For TiO
and TaQ (solid line), band bending occurs due to smaller energy gaps of the vacancy defects in the
films (Red dotted lines shows the actual band structure of pugeahitDTa,0s). (b) & (c) the drift of
oxygen vacancies with the applied positive voltage belgwat BE.(d) At Vser, the conduction

band edge lowers further where oxygen vacancies may easily migrate to TE via tunneling and the
device switches to LR$%e) When he voltage is swept back, agpder the oxygen vacancies are
pushed away from TE and the device switches back to HRS. The role,dayé®between TE and
TaQ layer is to provide an intermediate bandgap for the vacancies flow at lower energy. During
RESET, a trap level is created in the Talm which remains afterwards to facilitate the repeated
switching cycles by trapping some charge carriers.

Typical switchingl-V curveof the TiQ/TaQ, heterojunction devicis shownin linear andsemlog
scale (inset) ifrigure6.3a. When a positive sweep voltage is applied on the P{/ird€face side
(i.e.to the bottom electrode), the device ®hesits resistance from HR8ow current regiorio LRS
(high current regionait Vsgr (+0.8 V), i.e froma distinct binary state O (OFF) a binary staté (ON).
During the reverse sweep, the device follows the Ohmic characteristi¥/guatit(-2.0 V), at which
the devicagoes to HRS witlRESET.An exponential-V behavior is observed betweerg¥:rand
Vet (forward sweep) and a linekV behavior betweeNsgrandVgeser(reverse sweep), respectively.
The resistive switching from HRS to LRS at ISET voltage demonstrated in the present
heterojunction deviceés most desirable for the low power congiion, high performance COMS

technology.
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To evaluatethe junction size effect on the resistive switching behawerfabricateTiO,/TaQ,
heterojundbn device with four different junction size§.heir correspondingurrent density vs.
voltagecurves Figure6.3b) showthat thesmaller thgunction size is, the larger (better) is teN to
OFF current dengjtratio with almost the sam¥sg= As the dimension of the junction area becomes
smaller,the oxygen vacancies amore constrictetb flow verticaly by the same applied electric
field (due to a higher electric field densityye have also demonstrated that with the control over the
compliance current, the switching from HRS to LRS can occur in the low current region (~ pA) at the
programing voltage as low as 50 mV where the power e¢opsan of the device can be lowered up
to nW rangeFigure6.3c shows the ultralow bias switching with a small compliance current (~10
WA). Withinthes weep vol tage range of N100 mV we dondt sece
RESET in our heterojunction device always occurs at little highggeythan Vser (Figure6.3a for
ref.)

In a separate experiment, we fabricate a Pt/IRt@nemristor device with only the Ta@yer
sandwiched between top and bottom Pt electrodes (i.e. without théay&D). Evidently, the
correspondingd-V curve shows thahere is no clear switching onset from the HRS to LRS, at least
within the sweep range of £2.0 V, in marked contrast to the RilMaQ/Pt memristor that exhibits
discrete ON and OFF states witherat +0.8 V and/geserat-2.0 V.
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Figure 6.3 Electricall-V characteristics of Ti@dTaO, based memory cela) Electrical switching
characteristics of thexs pm? cell exhibiting the bipolar resistive switching with four different states,
inset shavs the semlog scale(b) Current density vs. voltagaot for demonstrating the cedize
dependency on the switching (SET) volta@® The device could also be switched at ultimate low
programing voltage as low as 50 mV with around 300 nW power congum(ol) Resistive

switching characteristic of the Pt/T@Pt memristors for comparison with the TiCaQ,
heterostructure based memristors. It could clearly be noticed thdtcharacteristic follows the
exponential (Schottky) behavior within £2.0 V in case of Jb&sed memristors while for T aG,
based memristors, the SET states is achieved at +0.8 V.

We also investigate the effects of film thickness of the,Tt&3e layeonthe current voltage
behavior of théPt/TiO,/TaO/Pt heterojunction devicelhe thickness of the base Td@yeris varied
from 10to 60 nm by varying theputterdeposition timeAs thethicknesof theswitching layer
exceeds particular thickness$wo different switching behaviors are evident and they appear to
correlate with their different crystalline natufédure6.4). The devices with thenicker TaG,
nanocrystallindilms (20, 40 & 60 nm) show bipolar switching with one S&&p during the positive
sweepand one RESES$tep during the negative sweep. On the other hand, the 10 nm thickiliraO

being amorphous in nature, exhfhihe commmentary unipolar switching with one pair of SEid
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RESET s$epsin each of theositiveand negativeweepgFigure6.4a). Unlike the other thicker
narocrystalline films, the device with the 10 nm thick Tamorphous film does not switch and
undergoes the SET process until +1.7 V. With further increase in the applied bias, the current starts to
drop (at ~+2.5 V) and the device undergoes the RESET prdoasng the negative sweep, the
device enters the SET process ndad V and the drops back to RESET riea0 V. This behavior
could be due tthe depletion of conductive defects such as metallicrDxypen vacancies TaQ,

films below a particulathickness. During the positive sweep, these defects migrate totherttgp
electrodgorming the conducting channeltae SET voltageand they becomgepleed at high

voltage Similarly, duringthereversesweep the evolution and depletion of the ch&noeurs athe
bottom electrode and tlievice goedackto its initial state. It is important to note here that each
sweep cycle ends up with a RES&€pand therefore the channel is alwaysheHRS at the end
which suppresssthe leakage current the smaller voltage range during successive operations. The
device behavior catinereforebe cvangedrom bipolar to unipolar or nepolar and vice versa simply
by controlling the thickness of the trapping laydtich will offer advantages in further scagj. We
compare the ON and OFF currents at applied bias of +@0b devices with different Ta(film
thickness irFigure6.4b.

20Ha) el size ~ 10-104m* AR (b)  cell Size ~ 10410 um?
151 TaOy film thickness 1015— Applied Bias ~ 0.5V
10} ——10nm i = g LRS
=0 I
@ E L
S s g o'l HRS
© 10k -
151§ 102
C | - 1 | 1 | 1 | 1 | :l 1 | 1 | 1 | 1 | 1 |
20 -1.0 0.0 1.0 2.0 10 20 30 40 50 60
Voltage (V) TaOX Film Thickness (nm)

Figure 6.4 SET and RESET states dependency on physical parameters fofadomemristors(a)
Two different switching mechanism for two different thicknesses of,Ta@r.(b) HRS and LRS
currents vs. Tagayerthickness for a 2010 unf memory cell at-0.5 V applied bias.

Based on our studies, we find that the Pt{fT@0/Pt device with an optimized Ta®@Im
thickness of 60 nm and junction size of 10xt6” provides the best (highest) ON to OFF current
ratios. Using this optimized memristor device, we evaluate the device stability and endDrance.
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memristor devicevith a10x10 pm? junction sizds found to exhibihighly stable repeatability the
I-V prdfiles, with thesame SET and RESET voltageser 10 cycles following the first switching
cycle (Figure6.5a). Out of these T@ycles, the remarkapitable ON to OFF current ratio over10
switching cycles at a small switching voltage of +0.5 V is showkignre6.5b. As the repeated
cycling between two states does not involve any further evolution of oxygen vaqancies
consequently corrosiomjue to Joule heating, theretlieereforeno degradation ithe device behavior.
Since there is no difference betweenVigerfor the first switchingyclefrom HRS to LRS anthose
for the subsequemepeated cycles, it is confirmed that no high bias electroforming step is refguired
initiate the device operatioff.he device is also found to maintain similar ON and OFF curtgnte
10° s at an applied voltage of +0.5 Figure6.5c). This indicates thathe retention capagif TaQ,
based memristolis extremely high as copared to other metal oxides due to very low leakage
current Figure6.5d shows the essentially the same switching voltagefound for over 300
memristor devices with a junction size 10x10 {fibricated on the same chip, which demonstrates
the high reproducibility of our accurate fabrication technique.
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Figure 6.5 Repeatability, endurance aretention capabilities of the T aG, memristor.(a)

Extremely high switching repeatability of over*tiycles for the electroforminfyee cell with

junction sixe 1810 pm* and TaQ film thickness 60 nm(b) Plot between current vs switching cycles
for HRS and LRS states showing the almost constant ON/OFF current ratio for 00eyi@s at

the applied bias0.5 V. (c) Remarkable retention capabilities of the<10 um? cell with 60 nm TaQ

layer in HRS and LRS at a small applied voltag@. % V). (d) The highly reproducible electrical
behavior of the arrays of cells with same cell size, over the same chip showing the similar switching
voltages.

The stopping voltagé&he max limit of positive voltage durifgV sweep)can becontrolledto tune
the SETandRESET wltages of the cell as shownhigure6.6a, wherehe SETand RESEWoltages
are observed to lecreasdwith decreasing stopping voltagehis characteristic could be important
for the integration of programmable circuits, in which the behavior of the device can be programmed
by simply setting the desired stopping voltages. Furthermore, binary switching with a stable ON to
OFF ratiois obtdnedin both the virgin state and the switching stageapplying a pulsed DC voltage

instead of the@nalogDC voltagewith 0.5 s intervalsKigure6.6b). Additionally, this memristive
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behavior is similar to the behavior of synaptic connections between neurons that can be made stronger

or weaker through polarity, strength and duration of the chemical or electrical signals.
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Figure 6.6 Programmable switching modes of TiDaQ, memristors(a) RESET states of the 10x10
unt cell with 60 nm TaQlayer corresponding to different stopping voltageg{5-2.5 V). Inset

shows the corresponding SET voltages féfiedent stopping voltage. The SET and RESET states can
be manually programed by using different stopping voltagg®inary switching in virgin state and
switching state exhibiting short term potentiation at an applied voltag@. BV with 0.5 s interal

for 10x10 pm? cell with 60 nm thick TaQlayer.

6.4 Conclusion

In summarywe have presented a heterostructure based materials system-f@latde memory,
which meets the criteria of an electroformiinge lowbias memristive switching device with low
power consumption. We have demonstrated the remarkable performance of employing such
nanocrystalline switching matrix in the memristor device structure and account for its switching
mechanism. We have further shown the low SET and RESET voltages andrtisin size
dependency as well as control of bipolar or unipolar switching through the fabrication parameters.
The programmable switching behavior using both analog and pulsed signals by controlling the
stopping voltages make them potential candidateadweanced logic components for computers and
neuromorphic circuits. The fabrication of multilayer stacking using &igtelectric materials such as
TaQ, and its interfacial combination with higher electronegative, Té@er and nostorrosive
electrode mierial such as Pt makes it an exceptional memory device with extremely high
repeatability/endurance, stable ON/OFF ratio and ultrafast switching speed. There remain a few

challenges, such as further reducing the SET/RESET window to lower the power coms@vigr
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further and more detailed mechanism coupled with quantitative modelling, which can be addressed by

exploiting size reduction by nanoscale lithography techniques.
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Chapter 7

Concluding Remarks and Outlook

7.1 Summary

The goal of the present research ideéwelop sizeselected nanoclusters and nanocrystalline films of
transition metal and metal oxides (especially semiconductingdn® TaOs) and to exploit their
applications as highkfficiency photocatalysts for photoelectrochemical water splitting and as
electroformingfree active layers for resistive switching memory. Using a novel nanocluster
generation source based on the-glase aggregation technique, we have successfully created
ultrasmall (< 5 nm) semiconducting oxide nanoclusters of @@ TaQ (as well as metallic

nanoclusters of Pt). With precise control over such deposition parameters as aggregation zone length
and Ar gas flow rate, nanoclusters with different mode sizes have been generated with a narrow size
distribution. Based on their matscharge ratio, precise siselection of the agrown nanoclusters

has been performed by applying an appropriate set of AC and DC voltages on the quadrupole mass
filter that is coupled with the nanocluster generation system. The resulting nearly radnosiz
nanoclusters are then deposited aBit$ubstrates. The growth mechanism, effect of various

deposition parameters, materials crystallinity have been investigated by performing the extensive
characterization on these supported nanoclusters. The outsfguditocatalytic properties of the
resulting samples are demonstrated in the photoelectrochemical water splitting reactions (Chapters 3
and 4). In the second part of the present work, we exploit the application of ultrasmalh@i®aQ
nanocrystallitegwith similar size as the nanoclusters) in the form of defebtnanocrystalline thin

films for resistive switching memristive devices. These memristors are based on a simple crossbar
architecture, in which the oxide semiconducting thin film is sandeddietween a pair of metallic Pt
electrodes (Chapters 5 and 6). We have greatly extended the presenittstedrt for memristor
technology by either significantly lowering the electroforming voltage or totally removing the

requirement for electroformin

Nearly monosized Tionanoclusters with three different sizes (4, 6 and 8 nm) are synthesized and
deposited on Herminated Si(100), quartz and glass substrates using three different combinations of
Ar flow rate and aggregation length. By controllihg ambient in the deposition chamber, it is
possible to produce surface defech nanoclusters. We show that these nanoclusters can be
deposited with uniform distribution, with minimal aggregation, on the substrate undimrsbiftg
condition, and thatanoclusters smaller than 8 nm (in dia.) are completely amorphous while the

bigger nanoclusters have a crystalline core with an amorphous shell. As photoanode materials for the
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photoelectrochemical water splitting reaction, these supported nanoclusibisrerfiarkable
photocatalytic activities because of their high specific surface area and large amounts of surface
defects. We show that the photoconversion efficiency increases with the decreasing nanocluster size,
with the highest total photoconversidifi@ency (~1%) found for the 4m TiO, nanoclusters at a

low saturation voltage 0.22 V vs Ag/AgCl).

Using a similar approach we deposit defech, ultrasmall Ta@nanocluster photocatalysts (5 nm
in dia), along with Pt nanoclusters (also 5 nm in thd)e used as promoters. Upon daftding on
the HSi substrate, the aggown TaQ nanoclusters are found to be amorphous, while Pt nanoclusters
are crystalline. As the relative amount of material loading of Pt nanoclusters increases from 50%
(depositiontime 15 min) to 100% (30 min) with respect to the Ta@ount, theotal
photoconversion efficiency is found to increase dramatically (fdi¥ofor TaG, NCs without Pt NC
promotors td.4%for TaOQ, NCs with equal amount of Pt NC promotei®)e presence of the
metallic promoters therefore provides effective separation of electron and holes generated during the
water splitting reaction. Interestingly, further increase of Pt NC loading to 150% decreases the
efficiency, which is attributed tdné blocking of photosensitive Ta8urface due to high density of Pt
nanoclusters. The photoconversion efficiencies obtained for these-delie€iO, and TaQ NC
photocatalysts (with and without Pt NC promoters) represent the best nanocluster catebtsts t
Their exceptional photocatalytic performance is especially remarkable, considering the relatively
small amount of material loading on the substrate (20% coverage), These efficiencies can be
enhanced at least five time by simply increasing the at@fudC loading to near a monolayer and

by the use of metal promoters (as demonstrated in thewai®).

In the second half of this thesis, we focus on,Tda@d TaQ nanocrystallites in the form of thin
films for memristor application. Using a crossbavide architecture consisting of the metal oxide
film sandwiched between a pair of Pt electrodes, we study the resistive switching behaviour of the
defectrich TiO, or/and TaQ nanocrystalline films. Defegich nanocrystalline films (with crystallite
sizeof 4-5 nm) are deposited in a physical vapor deposition chamber using a RF magnetron
sputtering technique, upon proper optimization of such deposition parameters as Ar gas flow rate,

chamber pressure and deposition temperature.

In order to alleviate the gairement of high bias electroforming step during the resistive switching
from the high resistance OFF state to low resistance ON state, we intentionally introduce a large
amount of builkin oxygen vacancy defects in our nanocrystalline semiconducting fifrthe
PU/TiO/Pt memristor device, we observe bipolar resistive switching behavior at a low electroforming

voltage of +1.5 V, which represents the smallest electroforming voltage reported to date. The device
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not only exhibits remarkably high endurarazed reliability, upon 250 consecutive switching cycles
within £1.0 V, but also show a high degree of stability with similar ON/OFF current ratio and high
retention capabilities (£&) with high switching speed (~ns). The quick response of the device to
aplied electric pulses offer potential application of such a device for simulating biological synaptic

behavior.

By adding a defeatich TaQ layer, we created a heterojunction between theg &id TaQ layers.
In our Pt/TiQ/TaQ/Pt memristor device, we d®nstrate that the oxygeteficient TaQ layer could
serve as the source of oxygen vacancies while the actual switching occurs in,tleydi@s a result
of the drift and diffusion of these oxygen vacancies induced by the applied bias. The incorpbration
the TaQ layer (a highe dielectric material with low leakage current) enables this P{/T&D./Pt
device to be electroforminfjee, thus removing a major obstacle in memristor device development.
More remarkable is that this device can be switched®nfrom the high resistance OFF state to low
resistance ON state, at an even lower programming voltage of +0.8 V and switchdddf\at
These switching voltages of this device are much lower than any previously repertetstors
This device als exhibits highly stable repeatability and endurance (oveswiiching cycles), and
very high retention capabilities (46), which makes this new device structure an even better
candidate for nowolatile memory applications. We further investigatedffect of compliance
current on the switching behavior of the device.
possible to switch the device with an ultralow programming voltage, as low as 50 mV. This is an
important result because it demonstraiesfeasibility of an ultralow power consumption (~nW)
memristor device. We also show that the thickness of the [Bg€r can be used to preselect the
switching mechanism between unipolar switchingafd@raQ film thinner than 10 nm and bipolar
switching for a thicker Tacfilm. With appropriate settings of sweep voltage range, we again can
tune the SET and RESET voltages. The P/M&0/Pt heterojunction memristor therefore

represents the most robust andatdble resistive switching device constructed to date.
7.2 Future Work

7.2.1 Nanoclusters

In the present work, we utilize the sizelected nanoclusters based on;la@d TaOs to exploit their
application as photocatalysts in photoelectrochemical water spli#aggion. The following future

work involving sizeselected nanoclusters could be pursued not just to provide further improvements
to their photocatalytic performance but indeed to develop other applications and better fundamental

understanding of these ved nanomaterials.
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1. Creating even smaller nanoclusters (below 5 nm) with controlled dimensions could offer even
better sizespecific photoconversion efficiencies. We have demonstrated the Nanogen source
could produce Ti@nanoclusters as small as 3.5 nringghe existing parameter space. Some
other possible options could be changing sputtering gas from Ar to Ne or Kr and also using He
gas along with the sputtering gas to enhance the condensation process by providing low

temperature nucleation seeds forstéw growth.

2. Modification of the aggrown nanoclusters by chemical postatment such as
functionalization could be applied to enhance the surface structure of the nanoclusters, which
could be potentially beneficial for specific catalytic activities.

3. Makinghybrid nanoclusterssuch as binary or tertiary alloys of various photoactive transition
metalsand transitionmetal oxides or creating ceshell nanoclusters coutuffer another

revenueo performance enhancement.

4. Largescale alnitio quantum mechanal calculations based on Density Functional Theory not
only could offer new insights to the growth mechanisms of nanoclusters but also could be used

to determine to novel structural, electronic and chemical properties of these nanoclusters.

5. These sizesdected ultrasmall nanoclusters can be used to decorate other nanostructured
materials, including nanowires, nanotubes, and nanosheets. As these latter nanostructured
materials can be used to massively increase the total surface area of the substrate when
compared to a flat planar substrate such #,Hhis combination could provide significant
enhancement to their catalytic performance. As example, we sHegure7.1a the TiQ
nanowires uniformly decorated by 5 nm Pt nanoclusters aRidjime7.1b the CuO nanowires

uniformly decorated by 3 nm Ta nanoclusters.

6. In addition to nanocatalysis, other applications of these nanoclustdusling protein
immobilization, gas and chemical s&mg, nanoplasmonics and quantum confinement, can be

developed.
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(a) PtN@Sdecorated Tio, NW* | (b) Ta NCs deoratedh CuONW- |

3

Figure 7.1 (a) TiO, nanowiresdecorated by nm Pt nanoclusteend (b) CuO nanowiredecorated
by 3 nm Ta nanoclusters.

7.2.2 Nanocrystalline Thin Films

In the present work, we have focussed on the use of dafbcEiO, and TaQ nanocrystalline films
deposited at room temperature for building memristor devices. Future work to improve the switching

performance may include the following efforts:

1. Exploring the possibilities of achieving better switching performance by further reducing the
thickness of the films (to below 10 nm). Further control over the dimensionality of the device
junction size and stacking arrangements as well as reduction@fetedl size to the nanoscale
regime by using-eam lithography and ion beam lithography could open up new quantum
properties not observed before. This would also allow us to further evaluate the feasibility of
continued miniaturization of the memristtevice and of further optimization of size

dependent properties.

2. Incorporatingother higha dielectric materials, such as Hafnium (Hf), Vanadium (V), and
Lanthanum (La), into the existing system to create different heterojunctions offers new
prospect of azating more stable memristive devices with better switching performatice

even smaller leakage currents

3. Band structure engineering using different carrier dopants could modify their electronic
structures, particularly their bandgaps, which wouldiin affect the switching behaviour.

4. The ultrasmall nanoclusters, obtained with the Nanogen nanocluster source, can be used to
provide perhaps the smallest junction siz® (@m) that is significantly smaller than those
currently achievable with electrom&®m or ion beam lithographical techniques. These quantum

size junctions may allow us to explore new quantum electronics not possible before.

5. The use of nanostructwsuch as nanowirgsistead of the present planar nanocrystalline

films, as the active lar could provide some insight into any possible morphology effects on
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memristorpropertiesOne possible advantage of using one dimensional structure could be the

flow of oxygen vacancies restricted to one direction for better control.

Theoretical study ofhe memristive switching behavior related to specific material systems
could offer further insight and better understanding of the switching mechanism and could

provide useful predictions about the device characteristics and performance.
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