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Introduction 1

1 Introduction

The success of the semiconductors industry reliestr@ continuous improvement of
integrated circuits performances. The cost of glsitransistor on a silicon chip during the
last 40 years has decreased more than a milligndésidhe number of devices on a single chip
increased more than a millionfold, following theperential dependence commonly known
as Moore’s law. Numerous challenges arise from both device phyaizs manufacturing
capabilities perspectives for further devices scaliTraditional scaling based on reduction of
physical dimensions of Metal-Oxide—Semiconduct@ldriEffect Transistors (MOSFETS),
with simultaneous reduction of supply voltages disdipated power, is reaching its limits. In
particular physical limits of SiQ(that has been used as gate dielectric for mane 40 years
because of its manufacturability and ability to ksl continued transistor performance
improvements) have been reached, leading to a imegease in the gate leakage current due
to direct tunnelling of electrons, resulting in e;yewaste and a build-up of heat.

The solution to the tunnelling problem is to reple&&iQ with a physically thicker layer of
new materials with higher dielectric constant, thkeeping the same capacitance but
decreasing the tunnelling current. In this franhe, dielectrics science is crucial in providing
the dominant technology in integrated capacitorsgate insulators. Among the hidh-
materials, oxides such as HINb,Os, Ta,0s, ZrO,, TiO, have been extensively studied to be
used both in electronic passive elements (e.gtrelgtic capacitors, with oxides used in a
Metal-Insulating-Metal, MIM, junction), in activelaments (e.g. MOSFETs) as well as in
emerging resistive switching memories (ReRAMS).

Since Hf, Nb, Ta, Zr, Ti are “valve metals”, elexthemical oxidation, namely anodizing,
could be an alternative way to produce high-quatistal oxides because it is a hon-vacuum,
low-temperature, low-cost process in contrast te tipical techniques largely used in
electronic industry that usually require expenshigh/ultrahigh vacuum conditions. This
electrochemical technique allows to grow oxideshwitell-defined characteristics such as

thickness, composition, structure and morphologyeasily controlling operating parameters
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such as formation potential, growth rate, electeobnd metal substrate compositions.

It is important to mention that technology advaneamof Complementary Metal Oxide
Semiconductor (CMOS) applications has started giigto shift its focus from single metal
oxides to doped or mixed oxid&S.The idea behind this choice is that by mixing Righ
dielectrics or by their doping with appropriatersénts it would be possible to engineer the
electrical properties of the materials, combiniing tfavourable properties of the starting
dielectrics while suppressing their individual digantages. In this frame, the electrochemical
oxidation of metallic alloys results in the growth mixed oxides leading to tailored and
controlled optical and dielectric properties of rewn layers.

This Ph.D. work is focused on the electrochemigappration of several higk-oxide thin
films that can be used in different fields of etenics, memories world included. Section 2
will be devoted: i) to the fundamentals of the &l@chemical anodizing process, exploring
how the oxide features (e.g. thickness, structacamposition) are linked to the process
parameters; i) to the fundamentals about the response undeadiation of a
metal/semiconductor/electrolyte junction that whé used to interpret the results of the
photoelectrochemical characterization of the anodic oxides; iii) to the fundamentals
underlying the working operation of the so-callecedBx-based Resistive Switching
Memories, ReRAM, that are among the most intergstinthe field of emerging nonvolatile
memories.

Section 3 will be devoted to the experimental pdrthe research activity, explaining which
technigues were used to prepare the metal sulsstithie anodic oxides and what kind of
characterizations were carried out to study thelsihte properties of the anodic layers and
their performances in ReRAM devices.

Sections 4, 5 and 6 will be devoted to understanw the process parameters of anodizing
process can influence the solid state propertiegshef anodic oxides. In particular, the
influence of the anodizing electrolyte compositiof,the anodizing conditions (e.g. sweep
rate etc.) and of the metallic substrate compasitio the solid state properties of the anodic

layers will be studied. To this aim, different srsis have been chosen: Al-Ta and Hf-Nb
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alloys were anodized in different conditions ane tlesulting anodic oxides have been
studied. TaOs is one of the most promising candidates for sireapacitors due to its high
dielectric constant (~ 30) and low leakage curr@mte of the main drawback of this oxide is
its band gap which is reported to be low with resge the value necessary to assure good
devices performances. A promising oxide partnefTa®0Os is Al,Os, not only due to its very
high band gap, but also due its glass former charaghich reduces the possibility of
crystallization. Moreover, Al can be incorporatedsaibstitutional atoms into Xas, acting as
acceptor and compensating oxygen vacancies witlsecpuent minimization of leakage
current. Anodizing magnetron-sputtered Al-Ta alleylewed to prepare mixed Al-Ta oxides
trying to exploit the advantages of pure partneides. Regarding Hf-Nb alloys, Hafnium
oxide (HfQ,) is probably one of the most studied material€esiit replaced SiQas gate
dielectric in CMOS-based and logic devices becausembines a large band-gap (5.1 - 6.1
eV), a dielectric constant (~ 20) significantly hey than that of Si©(3.9), high thermal
stability and high thermodynamic stability in cacttavith Silicon. Since NJDs has a higher
dielectric constant (40 - 50) with respect to kHf@nodizing Hf-Nb alloys could be a
promising strategy to further increase the dieleconstant and, thus, prepare higbxides.
Section 7 will be devoted to the idea to apply @hedizing process in preparing in a simple
and reliable way high-quality oxides as solid elglgtes for ReRAM devices. Since two of
the most studied and used oxides in resistive bimigc memories are 1@s and HfQ,
Ta/TaOs and Hf/HfQ, junctions were prepared by electrochemical anodizand the
properties of the anodic oxides as solid electeslffor ReRAMs were studied by completing
the devices with Pt top electrode. In addition, MiOs and several metal alloy/anodic mixed

oxide systems were studied as junctions for regiswitching memories.
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2 Fundamentals

A brief recall about some fundamental conceptsroégg anodic oxides growth is given in
the following Section 2.1. This is necessary tadveinderstand how the process parameters
can influence electronic, dielectric, morphologieald structural properties of anodic oxides
that are studied in this work. In particular, bariype anodic oxides growth will be
discussed, leaving to the specialized literaturéh&r details about the fabrication of porous
or nanostructured anodic lay&rs’ Then, some basic concepts about the response under
illumination of semiconducting or insulating masgsi will be discussed in Section 2.2,
highlighting how it is possible to get informatiabout solid state properties of the oxides by
using Photocurrent Spectroscopy. Finally, an oesvvof resistive switching memories will
be given in Section 2.3, trying to describe what tire physical processes underlying the
operation of these devices and what materials canubed to improve memories

performances.

2.1 Anodizing

Anodizing is a low-temperature, low-cost electraui@l process which allows to grow
oxides of tuneable composition and properties enstirface of valve metals (Nb, Ta, Al, Zr,
Ti, Hf, W, Bi, Sb, etc.) and valve metals alldysThe anodic oxides are produced by the
reaction of metal cations, coming from the oxidated metal substrate, and oxygen anions,
coming from the electrolyte (as shown in Figure)2sb that it is possible to grow high-
quality oxides by applying an anodic polarizationtthe metal substrate in a suitable liquid
electrolyte. Such anodic oxide layers are widelyplayed in several technological fields, for
instance as coating against corrosioms dielectric for electrolytic capacittror recently
also as gate oxide in thin film field effect trastss (TFFT):*’
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Figure 2.1 Anodizing process: the oxide thickens thanks to the reaction between metal cations (coming from the
oxidation of the metal substrate) and oxygen anions (coming from the electrolyte).
The overall reaction that well describes the anodic oxide (MOy) layer growth from a metallic

substrate M is the following:

M +xH,0 - MO, + xH, 2.1

The current associated to the growth is ionic due to the ions movement, sustained by a high
electric field in the order of 10° — 10" V ecm™ that contribute to the de-protonation of water
molecules at the oxide/electrolyte interface to produce O* and OH anions.'*"

The choice of the anodizing conditions has a direct influence on film thickness and on its
crystalline or amorphous nature, while the electrochemical bath and the base alloy affect the
composition of the oxides. This point is very important because metastable alloys of various
compositions can be easily prepared by several techniques, like magnetron sputtering.
Concerning the electrochemical bath, apart the effect related to the possible incorporation into

the oxide of species coming from the electrolyte, it is important to consider the role of pH and

aggressive ions in determining the morphology of the growing layer from barrier to porous
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films.2°

2.1.1 Barrier-type Anodic Oxides and their Growth Kinetiddigh Field Model

Barrier-type oxide film is a “nonporous, thin oxidi@yer possessing electronic and ionic
conductivity at high electric field strength®.2"® "' thereinysyally these oxides, grown on
valve metals or valve metals alloys, display ionigrent only if the electrode potential
exceeds the formation potential (or almost 75%t)thus leading to the thickening of the
oxide with very low electronic current. The lattam be due to oxygen evolution reaction in
condition of anodic polarization or to hydrogen keNion reaction under cathodic polarization
when the electrode potential reaches values wheheset processes become
thermodynamically possible. It is worth to say thia¢ presence or not of electronic, i.e.
leakage, current strongly depends on the solie gtatperties of the oxides.

Despite a homogeneity in thickness and structuaeiidy-type oxide layers can also show
heterogeneity due to the differences in compositeated to impurities (from the substrate
and/or electrolyte), and/or to intermetallic compds and precipitates present in the
substraté?

First researchers that studied the ions mobilityindu the anodizing process were
Guntherschulze and Betz in 19%4Studying the growth of Al and Ta anodic oxidesyth
found an exponential dependence of the ionic curdeEmsity on electric field strength

according to the following equation:

i = ipexp(BE) 2.2

that generally identifies thagh field modelln Equation 2.2j is the ionic current involved in
the oxide growthiy andf are material-dependent constants, Bnslthe electric field strength
across the oxidaJsually, E is calculated as the ratio between the potentgh,d\U, across

the oxide and the film thickness;,,, as follows:
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AU Up - U 2.3

where Uy is the formation potential and U, can be either the flat band potential, Ugg, in case
the metal is covered by an air-formed oxide, or the equilibrium potential, U, in case of bare
metal. Most of the time, flat band potential is considered in evaluating the electric field across
the oxide since valve metals, due to their low thermodynamic nobility, are usually covered by
an air-formed passive oxide layer.

The model is based on the hopping migration of the ions during the growth that move from
regular sites or interstitial positions to vacancies or other interstitial positions in their
neighbourhoods. Ions hopping requires an activation energy W that increases with the jump

21,24

distance a, that is constant in crystalline as well as in amorphous materials, guaranteed

from the short range order. These concepts are better shown in Figure 2.2.

B

position x

Potential Energy —

Position Coordinate —»

Figure 2.2 (Left) Two adjacent lattice planes in the oxide layer and (right) the influence of the electric field
strength on the activation energy of hopping jons.”!

Therefore, the ionic current expressed by Equation 2.2 is determined by the height of the
potential energy barrier corresponding to the rate-determining step of the overall process, that

can be lowered by the imposed electric field strength. During the oxide growth, two possible
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rate-determining steps can be considered:
i.  ionic transport across the metal/oxide interfacetMabrera model);*>?°

. ionic transport across the oxide (Verwey model);*’

Mott and Cabrera?° studied the mechanism of growth of thin oxidesabpdizing. In their
model, the authors considered the transfer of Emress the metal/oxide interface as rate-
determining step, assuming fast the transfer o§ itmough the bulk oxide. The authors
rearranged Equation 2.2 considering the role pldgens which vibrate in simple harmonic
motion in one dimension and, in presence of a gtectric field strength, they acquire a
sufficient energy to surmount the potential endsgyrier. The ionic current is then given by

the following equation:

—(W — qaakE) 2.4
kgT

i = gnv exp

where n is the number of ions of chargat the metal/oxide interface per unit areas the
frequency of atomic vibrationsy is the height of the potential barrier for injectiof a cation
into the oxidea is the jump distance is the symmetry coefficient of the activation loem™

is the temperature, atg is Boltzmann’s constant.

Verwey"’ proposed a high field model in which the rate deieing step was the ion
movement through the bulk of the oxide, thus thestmmportant difference between the
Verwey and the Mott and Cabrera models is the nmgaoiip, and 5. In Mott-Cabrera model
these parameters contain the activation distanddgtenheight of potential barrier existing at
the metal/oxide interface whilst, in the secondecasandW are referred to the bulk of the
oxide.

Despite the high field model is accepted by marthans, many papers were published with
results about deviations from this model. Furthetads about these deviations can be found
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in specialized literature?: and refs. therein

It is important to say that, during the anodizimggess, the total circulating current is the sum

of different contributions:

ltot = Lion T laiss T ley 2.5

whereiion IS the ionic current that sustains the anodic firowth according to the high field
model, igiss IS the dissolution current due to possible anddim dissolution in specific
conditions according to Pourbaix’s diagrams anig the electronic current that flows through
the oxides and allows faradaic process such aseoxggolution. Therefore, it is possible to

define a growth efficiency of the anodizing procesgressed as:

n= Lion _ Lion 2.6
Lot Lion + ldiss + ley

Through the growth efficiency, it is also possilbte estimate the anodic oxide thickness

according to the Faraday’s law, as follows:

Q MW 2.7
zFpA

dox =1

whereQ is the circulated charge during the anodic oxiaevth, MW is the molecular weight
of the oxidez is the number of moles of electrons necessargrta i mole of oxidek: is the
Faraday’s constanp is the oxide density and is the surface exposed during anodizing

process.
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2.1.2 lonic Transport during Anodic Oxides Growth

In order to have information about the compositodrthe anodic oxides, it is important to
understand how much of the ionic current involvedhe anodizing process is carried from
every ion that participates to the oxide thickenifignis issue arises when the metallic
substrate is an alloy, so that more cations arelwed in the anodic oxide growth, or when
foreign species are incorporated from the elediolgesides © anions, so that the
composition of the oxide can be different and a&tag structure can form.

Starting from the seminal papers of Pringle and arkers®®>? other groups, such as the
group of University of Manchester headed by ProfC.GMood and Prof. G.E. Thompson and
the group of Hokkaido University headed by Prof. Htabazaki, devoted many papers to
studying how the anodizing parameters can influeéheexides properties and composition.
In the anodic oxidation system, the two reactargtahand oxygen are separated by a layer of
their product. As the product layer becomes thick#her metal or oxygen or both must be
transported across existing film, as metal catidisand oxygen anions“Q according to the
high field mechanism discussed in Section 2.1.Erdlore, there are five possibilities for the

reaction to form the anodic oxide:

I. The metal cations alone migrate, and the reactidarim new oxide occurs only at the

oxide/electrolyte interface;

il. The oxygen anions alone migrate, so that the newleois formed only at the
metal/oxideinterface;

ii. When both metal cations and oxygen anions migtaie mechanisms i. and ii. could
occur together, so that new oxide would be formed at both interfaces;

Iv.  When both metal cations and oxygen anions mighategever, the new oxide could be
formed wihin the existing oxide through the transport of material from each side;

v.  Since mechanisms iii and iv are not mutually exgkisthe new oxide could be

formed both within the existing oxide and at thieifaces.
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To define a measure for the relative migration of metal cations and oxygen anions, let
consider a reference plane in the oxide, parallel to the two interfaces.” The formation of new
oxide between this plane and the oxide/electrolyte interface can only occur if metal cations
are transported outward across the plane; similarly, oxygen anions must cross in the opposite

direction to form new oxide between the plane and the metal surface (see Figure 2.3).

a) i b) |
I I
1 Mz 1 Mzt
I I
1 " T »
I | Nnt
M I M,N, I .
I = 1 %
I 0% 1
< t <« }
02 1 |
I 1
| 1
T T
Reference plane Reference plane

Figure 2.3 Movement of metallic cations and oxygen anions during anodic oxide growth on (a) pure metal and
on (b) metal alloy.”

If the total amount of new oxide is proportional to the charge passed during anodizing, the
amount of new oxide formed on each side of the reference plane is proportional to the fraction
of the charge carried by the metal cations and the oxygen anions. The fraction of the new
oxide formed on either side of the reference plane is proportional to the transport numbers of

the metal t;z+ and oxygen t,2- across it, expressed as:

iMZ+ _ iMZ+ 2.8

tMZ+ = = - - B
lform  Imz+ +lg2-
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ioZ— _ i02— 29

iform iMZ+ + i02—

t02— =

The five mechanisms discussed earlier can be racesims of transport numbers:

I. The oxide thickens thanks only to the metal catimigration:t,z+ = 1,ty2- = 0;
ii. The oxide thickens thanks only to the oxygen anioiggation:tyz+ = 0,t 2- = L
ii. The oxide thickens thanks to both migrations béarged only at the interfaces, only

within oxide, and at both the interfaces and witbwide:t,z+ < 1,t,2- <1.

It is noteworthy to mention that the ions transpauimbers depend on the their transport
properties in a specific oxide matrix. For thissea, they are related with the physico-
chemical properties of the ions (radius, chargesshand with the solid-state properties of the
growing oxide (crystalline or amorphous naturdjdatparameters, concentrations of defects).
In the case of anodizing of metallatloys, the resulting oxide will be a mixed oxide; the

presence of two or more cations?’Mind N, should be taken into account considering two
or more separate transport numbergz+ and tyy+. The possible differences in cations
transport numbers can lead to a mixed oxide whieeeatomic ratio between the partner
metals is different with respect to the underlyaligy. It is possible to distinguish three main

cases.

I tyz+ < 1,tyy+ = 0: formation of an oxide that includes only one cation;>®

. tyz+ > tyy+: an anodic film richer in M is expected to be fedn In such cases the
anodic film can also show a bilayered structurehvaih outer layer rich in the faster
migrating metal;>*%°

iii. tyz+ ~ tyy+: formation of a mixed oxide with a M/N ratio inehmixed oxide

comparable to that of the underlying alloy.
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Typical cations transport numbers are in the range 0.20 — 0.40 for amorphous materials (e.g.
oxides grown on Al, Ta, Nb etc.),”™** whilst they are close to 0 for crystalline anodic oxides
(such as that grown on Zr or Hf).? 1t is important to note that, even if a cation is immobile
when a pure metal is anodized, same cation can migrate during the anodic oxidation of

metallic alloys because it moves in a completely different oxide matrix.

2.2 Photoelectrochemical Behaviour of Semiconductor/Electrolyte
Interface

In order to better understand how a semiconductor (SC)/electrolyte (El) interface responses to
a light stimulus, it is useful to describe the density of states (DOS) distribution in a crystalline
as well as in an amorphous material.

Typically, amorphous materials maintain the same short-range order than their crystalline
counterparts and the main differences come out from the absence of the long-range order,
typical of crystalline phases.”’™ Therefore, the density of electron states remains a valid
concept for non-crystalline as for crystalline materials since the long-range disorder perturbs

but does not annihilate the band structure. The effect on the DOS distribution in the crystalline

and amorphous materials can be seen in Figure 2.4.

Mobility gap
<]
-
Mobility gap

|

N(E) N(E) N(E)
(a) (b) (c)

Figure 2.4 Model of the electronic structure for a crystalline semiconductor (a), amorphous semiconductor
following the Cohen-Fritzsche-Ovshinsky (CFO) model (b), and amorphous semiconductor following the Mott-

Davis model (c).
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In Figure 2.4(a), crystalline material band struetis reported with the “classical” band gap,
Eg, without any DOS distribution inside it. The abserof long-range order in amorphous
materials leads to the presence of a finite DO®iwithe so-called mobility gafi,". In the
case of Cohen-Fritzsche-Ovshinsky (CFO) modelnthrecrystalline structure would lead to
overlapping band tails of localized states as igufé@ 2.4(b). Those derived from the
conduction band would be neutral when empty andetilom thevalence band neutral when
full. The proposal of overlapping tails is consideredikety to apply to amorphous
semiconductors and insulators that are transpanettie visible or infrared” Mott-Davis
model considers only the long-range lattice disgréading to the DOS distribution shown in
Figure 2.4(c). These differences between the digions of electronic states in crystalline
and disordered materials have noticeable influemcthe photoelectrochemical, as well as on
the impedance, behaviour of the amorphous SC/Elipm

The absorption process of incident light in thekboll a SC is sketched in Figure 2.5(s

(in cmi? s is the photon flux entering the semiconductorr@cted for the reflections losses
at the SC/EI interface), which is absorbed follogvihe Lambert—Beer law. The number of
electron—hole pairs generated per second and @iniblame at any distance from the SC

surfaceg(x), is given by:

g(x) = poa exp(—ax) 2.10

wherea (in cm?), the light absorption coefficient of the semicoatbr, is a function of the
impinging irradiation wavelength. It is assumedt tbach absorbed photon, having endrgy

> E4 originates a free electron—hole couple. Opticahditions at energies near the band gap
of a crystalline material may be direct or indirelet the first case no intervention of other
particles is required, apart the incident photod @ne electron of the VB (see Figure 2.%(c)
in the second case the optical transition is as$igy the intervention of lattice vibrations (see
Figure 2.5(d)).
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(a)
QA% ! ©

Light
intensity

(b)

o

Xsc k
Figure 2.5 Schematic representation of a irradiated crystalline n-type SC/EI interface under anodic polarization,
showing the electron—hole pair generation (a) and the change of light intensity due to the absorption process
within the semiconductor (b). Band-to-band direct transitions (c¢) and band-to-band indirect transitions (d).

Considering a polarization A®gc inside the SC, the width of the space-charge region, xsc,

changes with A®gc according to the following equation:

. kpT\>® 2.11
Xsc = Xsc (|A‘psc| - 7)

where xsc” represents the space-charge width into the SC electrode at 1 V of band bending
and its value depends on the concentration of mobile carriers into the SC. In terms of
electrode potential, Ug, for not heavily doped SC and in an absence of an appreciable density

of electronic surface states (SS), it is possible to write:
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A¢SC == UE - UFB(Tef.) 212

where Ugg(ref.) represents the flat band potential measwéti respect to a reference
electrode in the electrochemical scale.

With these premises, it is possible to described¢sponse of the SC/EIl interface starting from
the seminal paper of Gartner of 1959 on the behlavod illuminated solid-state Schottky
barrier*! integrated by the paper of Butler published in 7LSbout the semiconducting
properties of W@*?

In the Gartner-Butler model, the total photocurydpd, collected in the external circuit is
calculated as sum of two terms: a migration tdgm, and a diffusion termgs. The first one
takes into account the contribution of the minoggrriers generated into the space-charge
region; the second one accounts for the minority carriers entering the edge of the space-charge
region from the bulk field-free regiox & xsc) of SC. No light reflection at the rear interface
Is assumed, so that all the entering light is didmwithin the SC. Moreover, it is assumed
that minority carriers generated in the space-aagegion of the SC do not recombine at all,
owing to the presence of an electric field whiclpasates efficiently the photogenerated
carriers. The same assumption is made for the myncarriers arriving at the depletion edge
from the bulk region of the S&.Therefore, the total photocurrent in a n-type semductor
can be expressed as follows:

e~ axsc l D 2.13
L

Lyn = larie + laipr = €®g [1 “T+al, +epy——

p

whereD, andL, are the hole diffusion coefficient and diffusi@ngth respectively angh is
the equilibrium concentration of holes in the balkthe (not illuminated) SC. The same
equation holds for p-type SCs, wiby, andL, (electron diffusion coefficient and diffusion
length) instead oD, andL, andng (electrons equilibrium concentration) insteag®f

For wide band gap materialgy(> 2 eV) where the bulk concentration of minorigrreers is
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very small, Equation 2.13 can be further simplifigdneglecting the last term. In this case, if
axsc << 1 (slightly absorbed light) aral, << 1 (small diffusion length for minority carriers)

the photocurrentrossing the n-type SC/EIl interface can be rewriss:

0 kgT 05 2.14
Ipn = e@paxs; <UE — Upp — T)
Equation 2.14 foresees a quadratic dependences gfttbtocurrent on the electrode potential,
which can be used for getting out the flat bandeptial of the junction. The measurement of
the photocurrent as a function Ot is called photocharacteristic. In fact, by nedtegtthe
termkgT/e, a plot of (ph)2 vs. Ue should intercepts the voltage axis at the flat baointial,
Ugs, regardless the employed irradiating wavelengthas long asixsc << 1 condition is
obeyed. It is important to remark that all previ@guations pertain to the steady-state values
of the d.cphotocurrent. The equations derived for steadyestnain valid also for chopped
conditions provided that the lock-in measured digemains proportional to the steady-state
chopped valué**
It is noteworthy to mention that, according to Hipm 2.14, the measured photocurrent is
directly proportional to the light absorption coeitnt. By considering that in the vicinity of
the optical absorption threshold of the %Cthe relationship between the absorption

coefficient and optical band gap of materiaf™, can be written as:

n/2 2.15
(hv — E;pt)
hv

a =

so that it is possible to derive the following eagsion:
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Qhv o« (ho— E)"? 2.16

where Q = (Ipn)/edo represents the photocurrent collection efficieacyl E, > the optical
threshold for the onset of photocurrent at themihated electrode. Equation 2.16 shows that,
at constant electrode potential, it is possiblgdbthe optical band gap of the material from
the dependence of the photocurrent on the irradjatvavelength (shortly referred as the
photocurrent spectrum of the junction) of incidéght at constant photon flux. In fact by
plotting @ hv)®" vs. hv at constant electrode potential it is possibleyéb a characteristic
photon energyvo = E;°. For an ideal SC/EI junctioEy™™ coincides with the minimum
distance in energy between the filled states ofvllence band (VB) and the empty states of
the conduction band (CB) (band g&jg) as shown in Figure 2.4(a). By assuming a paraboli
electronic density of states distribution, DOS,ENé& E*?) near the band edges, in the case
of direct transitions (see Figure 2.5(c)) n assuwasies equal to 1 or 3, depending on
whether the optical transitions are allowed or iigden in the quantum mechanical seffse.

the case of indirect optical transitions (see FegRr5(d)), the n value in Equation 2.16 is
equal to 4.

In the case of amorphous materials, as many amaities, the following relationship holds:

ahv « (hv — Eén)z 2.17

where ;" = Ec — Ey is now the mobility gap of the a-SC (see Figure(l9).4and Figure
2.4(c)). The exponent 2 is reminiscent of the iecliroptical transitionan crystalline
materials but now photons interact with the solgl aawhole: this type of transition in
amorphous materials is termaen direct. Because some tailing of states is dtmaily
foreseerfor a-SC by any proposed model of D@g represents an extrapolateather than

a real zero in the density of states.
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In agreement with a general statement reporteiteirature’ it has been suggesféd**'that,

in absence of appreciable differences in shorteaagler of amorphous and crystalline
counterparts, the mobility gap of amorphous fillnewdd be equal or larger than the band gap
of the crystalline counterpart. Such a differenae be assumed as a measure of the influence
of lattice disorder on optical gap of the films.eTtifferenceAEa.m = Ey™ - E,°”'in the range

of 0.1 — 0.35 eV, is in agreement with the expe&be@nsion of the localized states regions
near the band edges due to the lattice dis8fdedifferent short-range order can imply the
formation of a defective structure, with a high signof localized states within the mobility
gap as well as changes in the density of the obager, which is known to affect also the
value of the optical gap in amorphous materials.

Due to the low mobility of carriers in amorphousterals, it is reasonable to assume that a
negligible contribution to the measured photocuramses from the field-free region of the
semiconductor. In this case, it is possible to exsa free carrier generation efficienqy,
position independent under irradiation with liglatving energy higher than the SC mobility
gap. Under steady-state conditions, the photocucambe expressed as:

Och
Ipp = ngefbom [1 —exp (—xsc

1+ aLd>] 218
Lg

where Ly = YtE, 1 and 1 being the drift mobility and the lifetime of theh@ocarriers
respectively ancE is the mean electric field in the space-chargeoregif the a-SC. The
efficiency of free carriers generation in presentg@eminate recombination effects, is a
function of the thermalization distanag, andE. An expression fong(ro, E) for amorphous
materials was given by Pai and Ef€k.

As done for crystalline semiconductors, it is gpidssible to assume for amorphous SCs a
direct proportionality between the photocurrentidji&€ = I,/e®,, and the light absorption
coefficient, a, in the vicinity of the absorption edge under d¢ans electrode potential,

allowing to replacea with the photocurrent yield in deriving the optideand gap of
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amorphous semiconducting films from the photocursgrectra. In the case of amorphous
insulator/electrolyte junction, the entire oxidéckmessd,y has to be substituted to the space-
charge widthksc in Equation 2.18.

In presence of thin oxide layers, it is possiblatthnder illumination a large fraction of
photons impinging the film/solution interface agiat the metal/film interface, by exciting
metal electrons to higher energy levels and leavagant states below the Fermi level of the
metal. In the case of very thin passive filnts, (< 2 nm) external (into the electrolytic
solution) photoemission processes become possyitiennelling of excited electrons or holes
at the metal surface throughout the film. The péptission of electrons directly from the
metal to the ground state of liquid water has bagserved more frequently through very thin
oxide films covering metafs:>°

When such an external photoemission process octurabsence of diffuse double layer
effects or large adsorbed molecules, it is posgiblerite for the emission photocurrent the
so-calledfive half (5/2) power lawwhich gives the dependence of photocurrent fréwmtgn

energy and electrode potential®as:

I, = const. (hv — huy — |e|Ug)5/? 2.19

whereUg is the electrode potential measured with respeet eference electrodhyy is the
photoelectric threshold at zero electrode poteiftlaanging with reference electrode) dnd

is the photon energy in eV. At constant potenhal photocurrent yield can be expressed as:

Q%* = const. (hv — Ep,) 2.20

whereEy, = hvg +)e|Ue is the measured photoemission threshold, depermtetiie imposed
electrode potential. It follows that a change ia ffhotoemission threshold vs potential of 1
eV/V is expected.
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In the case of thicker filmsd{x > 5 nm), where the external photoemission proceases
forbidden, the possibility of an internal photoesi® process due to the injection of
photoexcited electrons (or holes) from the meta the CB (or VB) of the oxide layer must
be considered. In such a case the internal emigdiotocurrent varies with the photon energy

according to the so-called Fowler photoemissionTaw

Q = const. (hv — E)? 221

whereEy is the internal photoemission threshold energyctvigsian be obtained from a plot of
Q”°vs. the photon energfy, at constant photon flux. This threshold is a meaof the
distance in energy between the Fermi level of tletéahrand the CB (electrons photoemission)
or VB (holes photoemission) edge of the film. Tleewrence of electrons or holes internal
photoemission in the case of insulating films itakkshed by the direction of the electric
field, and in turn by the electrode potential valwéh respect to the photocurrent sign
inversion potential. In absence of trapping effettte inversion photocurrent potential can be
used to determine the flat band potential of insujgoxides.

In the case of insulating anodic films on valve aeetelectrons internal photoemission
processes are usually observed under cathodicizaiian and under illumination with
photons having energy lower than the optical baaq @f the film. For semiconducting films
no evidence of internal photoemission process [seeted, owing to the absence of any
electric field at the metal/film interface, as loag the space charge region of the SC is less
than the film thickness. The knowledge of the imé&rphotoemission threshold allows to
locate the energy level of the conduction bandhef dxide films with respect to the Fermi

level of the underlying metal, once the work fuantbf the metal is known.

2.3 Redox-based Resistive Switching Memories

Information is coded in languages that are formgdHaracters. The binary code, or Boolean



Fundamentals 22

code, consists of only two characters, “0” and “&hd, for this reason, it is the most
elementary language to represent any informatidms Takes it most suitable for carriers
with bi-stable states, frequently used in digitdéce&onics which is the basis of the
Information and Communication Technologies (ICTheTsmallest binary information
systems consist of a binary switch with some baperations, as the WRITE operation that
sets a dedicated state in the binary switch, thARBperation that detects the state of the
switch and the TALK operation that transfers thetesfrom/to the switch (without detecting
the state). These basic operation can be used wer dbe three areas of information
technology: information storage by writing and readthe memory, information processing
by logic operation, and information transfer by commicating the informatior?. In the
information storage world, Dynamic Random Accessmdaes (DRAM) and Flash
memories are the most common devices used today.

DRAMs are among the most used memories in com@ystems today, from smartphones
and tablets to servers and super comptfeFbe storage element is a MIM capacitor and the
direction of charging (one plate positively chargatt the other one negatively, and vice
versa) represents the binary state, “0” and “1”otder to keep the charge on the MM
plates, the capacitor is connected to an accessidtar that isolates the storage capacitor
unless there is a READ or WRITE operation. Thesehinations of transistors and capacitors
are called 1T-1C. In these devices, the reteniioe is less than 1 s and the information is
lost when the supply voltage of the circuit is earoff. For this reason, DRAM are volatile
memories.

Flash memories are based on MOSFETSs technologyanitdditional floating gate, invented
by Sze and Kahng in 1967.They are surely the most used non volatile mersoite
electronics world. The working principle based ospping excess electrons in the floating
gate, makes the information can be retained irdthece for more than 10 years. For a fast
WRITE operation (ms tqs), the applied voltages have to be higher than 18 V>? The
relationship between the write speed and the wrakage represents the voltage-time

dilemma, which is a fundamental property of nonatitd memories: the lower is the
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operating voltage, the lower is the operation speed

In the attempt to exploit the advantages of botimory systems, i.e. RAM organized with
access transistors being non volatile, 2-termit@ments based on electrically switchable
resistance have attracted considerable attentiften ocalled with the term Resistive
Switching Random Access Memories (RRAM).

In the field of RRAM devices, particular interest devoted to Redox-based Resistive
Switching Random Access Memories, namely ReRAMyliich redox reactions at interfaces
and nano-ionic transport processes play a key folesistive switching memory cell in a
RRAM is generally built by a capacitor-like MIM stiture, composed by an insulating or
resistive material (e.g. oxides or chalcogenidasypwiched between two electron conductors.
These MIM cells can be electrically switched betwae least two different resistance states,
after an initial electroFORMING cycle which is uiyaequired to activate the switching
property. By applying appropriate programming oitevvoltage pulse¥,,, a cell in its high-
resistance (OFF or HRS) state can be SET to a ésvgtance (ON or LRS) state or RESET
back into the OFF state. ON and OFF states représerBoolean “1” and “0” respectively,
and are used for digital information storage aneratons>*>°

Most ReRAM systems reported in the literature ofgerathe bipolar resistive switching (see
Figure 2.6(a)). Starting in the HRS, a SET proaessbe triggered by a voltayer higher
than a characteristic threshold voltay®:, which leads to the LRS. Often, a current
compliance Icc) is used for the SET operation in order to avaanege to the cell and to
optimize the operation. A READ operation is perfedvat a much smaller voltage magnitude
Vreap t0 detect the current and avoiding any changéenrésistance state. A voltage signal
Vreser Of opposite polarity is used for the RESET prodesswitch the cell back into the
HRS>®

On the contrary, unipolar resistive switching ($égure 2.6(b))is characterized by the fact
that all WRITE and READ operations can be performétth voltage of only one polarity.
Starting in the HRS, the SET process takes plaeevaltageVser >Vin1, With a LRS current

limited by alcc. It is important that the current compliance ieased in the RESET process,
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so that the current can exceed the compliance value, which leads to changing back into the

HRS. The read operation is performed at a small voltage Vrgap as in the bipolar operation.56

(@)

(b)

Figure 2.6 (a) Bipolar resistive switching and (b) Unipolar resistive switching.56
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Generally speaking, two types of resistive switching can be distinguished, i.e. filamentary

switching and area-dependent switching. In the former case the electrical switching of the

solid electrolyte is due to the formation/disruption of conducting filament/filaments, that can

be both metallic or formed by reduced oxide, depending on the material used in the device. In

the latter case resistance change is supposed to take place uniformly at the interface between

the electrolyte and a reactive metal electrode. Uniform resistance switching can be recognized

by area-dependent LRS resistance and programming current, in contrast to area-independent

switching in filamentary-type devices.”’

Depending on the working principle of the ReRAM cells, three different types are
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distinguished: Electrochemical Metallization Memories (ECM), Valence Change Memories
(VCM) and Thermochemical Memories (TCM). Section 2.3.1 and Section 2.3.2 will be
devoted to a deeper description of ECM and VCM memories. TCM memories use symmetric
electrodes and are characterized from the formation and dissolution of the filaments due to
thermal energy (Joule heating) generated by the high current flowing in the device. Among
the three types of ReRAM, TCM memories have the lowest prospects for industrial
realization. The reason why is that their operation principle implies higher power
consumption and, in addition, the involved switching is unipolar so that their practical

application is complicated.

ECM
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Figure 2.7 Devices structure and current—voltage (/-V) characteristics for ECM, VCM and TCM cells. Current
compliance is typically used to limit the current in order to prevent irreversible damage.®

In order to be competitive with the DRAM and Flash memories, the performances of ReRAM
devices that have to be addressed are:”> WRITE voltages in the range of a few hundred of mV
and WRITE pulses time < 100 ns; endurance > 107 cycles; resistance ratio > 10; retention

time > 10 years.
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2.3.1 Electrochemical Metallization Memories (ECM)

Electrochemical Metallization Memories (ECM) are devices composed by a simple
metal/solid electrolyte/metal junction with some peculiarities: they consist of an active
electrode (AE) (typically Ag or Cu, but other electrodes can be used), an electrochemically
inert counter electrode (CE) (typically Pt, It or W but also some electronically conductive
materials such as ITO or TiN can be used since it is supposed they are unable to exchange
mobile ions with the electrolyte) and a thin solid electrolyte able to conduct ions sandwiched
between both electrodes.”® A schematic presentation of a ECM cell with Cu AE and Pt CE
with a typical I-V sweep, and the related physical processes within the cell are presented in

Figure 2.8.

OFF state

0.5
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Figure 2.8 Schematic presentation of the processes during /-V sweep, including formation and dissolution of a
Cu filament, in a ECM cell.”!
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If a sufficient voltage is applied to the Cu actelectrode, it is possible to electrochemically
oxidize it generating Cl™* ions that enter in the solid electrolyte (stepndl 2). After the
migration of the Cu ions into the electrolyte sustd by the presence of high electric field
strengths across the thin film, €U reach Pt inert electrode and start to be reduthis
leads to the electro-crystallization of Cu at theirface (step 3). Because of the high current
densities (~ MA cif) and electric field strengths (~ & m™) the deposit forms as a
conducting Cu filament with a diameter typicallyryiag between 5 and 10 nm. After the
metal filament has grown sufficiently far to make (@lectronic, e.g. galvanic) contact to the
opposite Cu electrode, the cell has switched toQhestate (step 4) that is indicated by a
rapid current increase in the/ characteristic. The cell retains the ON state asbesufficient
voltage of opposite polarity is applied and thecetechemical dissolution of the metal
filament leads to the RESET process (step 5), thighdecreasing of the current to its initial
OFF state (state 1).

This switching mechanism is universally accepteatesithe observation of the formation of
metallic filament in different ECM cells bip-situ TEM observatiofi?®®> Many parameters
can influence the cell performances, such as ther@af both electrodeé$;®” moisture (that
can affect the migration of metal ions across thectlyté®®® or can contribute in
originating an electromotive force inside the &litemperature and chemical composition of
the electrolyte matrix*’2

Major performances of ECM cells are low SET volag@ the range between 0.2 V and 1
V), low SET/RESET currents (down to pA range) widlv power consumption and large
(typically 1) OFF to ON resistance ratid’® Unfortunately, these systems suffer of
instability of the filament that leads to insufBat retention of the ON states, especially for

resistances above ~ 18K3

2.3.2 Valence Change Memories (VCM)

When the redox processes at the oxide/electro@efaces lead to a change in the valence

state of the metal ion, the cells are called Vade@Gbange Memories (VCM). These systems
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are two-electrode devices as ECM cells and typically the metal electrodes are chosen so that
to have two Schottky barriers at the electrode/electrolyte interfaces with different height. Low
work function metals (and also easily oxidable), such as W, Ti, Ta, Hf, are usually used for the
lower Schottky contact that becomes ohmic (OE) during the device operation’* whilst Pt, or
other high work function metals (e.g. Ir, Au etc.), can be selected for the higher Schottky
contact.”® In some cases, symmetric cells with Schottky electrodes are used e.g. Pt/Oxide/Pt
and the FORMING process (reduction) is believed to ensure an ohmic contact at one of the
interfaces.”

The resistive switching mechanism relies on the motion of mobile ionic defects under the
applied electric field across the electrolyte. The most widely accepted model is based on
(double) positively charged oxygen vacancy defects Vo™, but motion of metal cations has
been evidenced and their role cannot be excluded.”® A schematic presentation of a VCM cell,
with ZrOy sandwiched between Zr as ohmic contact and Pt as Schottky contact, with a typical

I-V sweep, and the related physical processes within the cell are presented in Figure 2.9.
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Figure 2.9 I-V sweep of a VCM cell. Green spheres: oxygen vacancies. Violet spheres: reduced metallic ions.”

The oxygen vacancies are introduced in the switching layer during the initial FORMING step,
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which results in the formation of a filamentary imgwith a high concentration of oxygen
vacancies between the two electrodes. Howeverngluhe RESET process the conducting
filament is only partially dissolved (on the comyraf the complete dissolution of the metallic
filament in ECM cells). Between the tip of the filant and the Schottky electrode a thin disc
is formed that is less conductive than the filam@hig), but a bit more conductive from the
surrounding oxide matrix. Thus, the Schottky bar@ that interface with Pt electrode
determines the overall resistance. During SET m®cthe disc is reduced and becomes as
conductive as the other part of the filament (Ohtegt whilst during RESET process it is
oxidized and/or may also increase in thicknessnitef the high resistive (OFF) stéf®.

An improvement in the devices performance has lreeantly achieved by adding another
metallic layer to the simple MIM structufé’’ This metal layer is called oxygen exchange
layer (OEL) or oxygen scavenger which is beliewethtiuce a distributed reservoir of defects
at the metalinsulating oxide interface, thus providing an unted availability of defects
which are the building blocks for the conductintarfient. More detailing, the chemical
reaction between the OEL (metal) and the oxiderleggults in the transport of oxygen anions
from the dielectric into the metal by creatingVor cations into the oxide. This intermediate
layer directly influences the kinetic barriers five defect mobility in the VCM cell, thus
defining among others the switching speed and mh$sd power. This oxygen vacancies
reservoir layer was also detected in MIM structuinout an additional metallic film, such as
Ta/Ta0s and Hf/HfG, junctions, and it has a different short rangecstme and stoichiometry
from that of the solid electrolyte bdfk’® and was suggested to play an essential role in the
resistive switching by allowing easier transportnfons, cations, and electrofig?

From the devices performances point of view, VCMscgemonstrated much better retention
than ECM cells. They are also able to provide meatiate resistance states (but not so finely
distinctive) and show fast switching times. Disatteges are the higher switching voltages
and currents (i.e. higher power consumption) arel ldwer OFF/ON ratio which varies

typically between 10 and 1068.
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3 Experimental

3.1 Samples Preparation

In order to study how the anodizing process pararsatan influence the structural and the
electronic properties of the highexide thin films, different metal substrates, ongosition
and in shape, were used. In particular, metallisras well as magnetron sputtering-deposited
metal substrates have been anodized in differastegs conditions. The following sections
describe the experimental conditions adopted tpgyethe metal substrates and ReRAMs

devices.

3.1.1 Preparation of Hafnium rod

This metallic sample was used to check if the gnooitHf anodic oxides is well described by
the high field mechanism (as discussed in Secti@rilp To this aim, a rod-shaped electrode
Is very useful since it is very easy to clean arepare for the anodizing. This is an important
characteristic since a high number of anodic grevidmecessary for this type of study.

A Hafnium rod, provided by Goodfellow (97.0% in py), of 0.5 cm in diameter was
embedded in a Teflon cylinder and sealed by a wvoponents epoxy resin (Torr Seal Varian
Ass.). This procedure ensures that the same ama@ased during all the anodic growths and
the following characterizations. Rod surface waditazhally abraded with P800 and P1200
papers and then rinsed with distilled water. Thischanical polishing leads to a roughness

factorr (i.e the ratio between the real and the geomésigdaces) ot~ 1.2.

3.1.2 Preparation of magnetron sputtering-deposited mstdlstrates

Magnetron sputtering was used as technique to mepatallic substrates because it enables
to deposit layers that are flat at nm scale anébtmiin thickness. This part of Ph.D. work
has been carried out in the Laboratory of IntediaEilectrochemistry, Hokkaido University
(Sapporo, Japan) supervised by Prof. Hiroki Habiazak

In order to deposit flat, defects-free and reliatletallic samples, also the substrates must be
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flat and uniform. Therefore, glass and alumina wenesen as substrates for the metals
magnetron sputtering deposition.

Glass substrates (9 x 6 §hof 1 mm thickness were degreased in an aquecusioso
containing 30 gt of surfactant (Okuno Chemical, Top Alclean 30280 °C for 15 min.
Afterwards, glasses were rinsed with abundant tapemwand distilled water and dried just
before sputtering procedure.

Alumina substrates were prepared starting from pigtity (99.999 %) aluminum foils (1.5 x

5 cnf). After rinsing with acetone, aluminum foils weskectropolished to provide a smooth
and bright surface. Electropolishing was performader potentiostatic conditions (constant
voltage of 20 V for 4 min) in an ethanol/perchloaicid (4:1 (v/v)) mixturé® Al foil was the
anode during the procedure whilst another Al sheéh a very high surface, was used as
cathode. The electrolyte was kept between 0 ar@ &Sing a bath containing water and ice)
and continuously stirred. Afterwards, Al foils weiased with ethanol and distilled water to
remove all the residues of the electropolishingtetdyte. This step results in mirror-like
surface for aluminum foils. Electropolished foilene then anodized up to 200 V~aB8 mA
cm?in a 0.1 M ammonium pentaborate solution to prevldt and mechanically consistent
substrates for magnetron sputtering procedure.

Pure metals and metallic alloys were then depoghenough magnetron sputtering on the
glass and alumina substrates. The deposition waedaut in a Shimadzu, SP-2C system
that comprises a vacuum chamber, just one gun lae@ thousings for the substrates. The
presence of just one gun is not limiting in preparmetallic alloys: a target of 10 cm in
diameter is used and, in order to prepare metaysllsmaller targets (2 cm in diameter) of
alloying element are placed symmetrically on thesiem zone of the underlying target. The
number of targets determines the composition ofatloy: the higher is the number of small
targets, the richer in alloying element will be timetal alloy. In order to get the deposited
alloy films of uniform composition and thicknesketsubstrate holders were rotated around
the central axis of the chamber as well as thein exes. The entire magnetron sputtering

setup is sketched in Figure 3.1.
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Figure 3.1 Magnetron sputtering setup used in the Laboratory of Interfacial Electrochemistry, Hokkaido
University (Sapporo, Japan).

After installing the substrates and targets, the chamber was evacuated to less than 5 x 10~ Pa,
and then metals deposition was conducted in Argon atmosphere at ~ 0.3 - 0.4 Pa at 0.5 A for
all the samples. The longer is the sputtering procedure, the thicker will be the metal layer on
the substrates. Alloys composition was a posteriori determined by Field Emission-Electron

Probe Micro-Analysis (FE-EPMA) (JEOL JXA-8530F).

3.1.3 Fabrication of ReRAM devices

In order to investigate the resistive switching properties of the metal/anodic oxide systems, Pt
was deposited as top electrode onto all the samples. Through photolithography and lift-off

procedures, Pt was defined in different pads shapes, as shown in Figure 3.2.
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Figure 3.2 Pt pads in Metal/Anodic Oxide Metal/Pt ReRAM devices.

In the case of circular shape, pads diameters were 100, 150, 250, 500 and 1130 pm. In the
case of squared shape, pads areas were 25%25, 50x50, 100x100, 200%200, 500x500 and
10001000 pm?>.

3.2 Electrochemical Growth of High-k Thin Films

As described in Section 2.1, the electrochemical technique used in this Ph.D. work to
fabricate high-£ thin films is the anodizing. This process is carried out by forcing the current
to flow from the cathode to the anode using an external power source, e.g. a potentiostat.
Therefore, anodizing can be performed by applying a constant potential difference between
anode and cathode (potentiostatic mode), by imposing a constant current through the cell
(galvanostatic mode) or by sweeping the electrode potential at fixed rate (potentiodynamic
mode).*

In particular, for formation potentials up to 20 V vs. reference electrode, potentiodynamic
mode was used. A three-electrode configuration was employed, comprising the working
electrode (i.e. the metal substrate that will be converted in oxide), a counter electrode (i.e. the
cell cathode that in all the case was a DSA (Dimensionally Stable Anode) electrode) and a
reference electrode. The latter was a silver/silver chloride electrode (0 V vs Ag/AgCl = 0.197
V vs SHE) in almost all the measurements. When the oxide to be grown or characterized was
AlL,O3 or contain aluminum in a mixed oxide, the reference electrode was a mercury/mercury
oxide electrode (0 V vs Hg/HgO = 0.098 V vs SHE) to avoid any problem of pitting by

chlorides.® Two different potentiostats were used for this kind of measurements: Parstat 2263
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and Biologic Multi-channel Potentiostat VMP2.
For thicker anodic oxides, i.e. for formation vgkaU- > 50 V, galvanostatic mode was
employed with a two-electrode configuration, alsdlerl anode-cathode for the absence of a

reference electrode. Two different current soumee used: Keithley 227 and Keithley 2410.

3.3 Characterization Techniques

In order to get information about the structuragrfological as well as electronic and optical
properties of the anodic oxides, differémisitu andex-situtechniques were used. The anodic
layers characterization is surely crucial to bett@derstand how the anodizing process
parameters influence the final properties of thedex and, consequently, the devices
performances. Among differemh-situ techniques, Photocurrent Spectroscopy, Differentia
Capacitance Measurements and Electrochemical Imped&pectroscopy have been chosen
for the study of the solid state and electronicpprties of the anodic oxides, and will be
described in the following Sections 3.3.1 and 3.®&8tead, a®x-situtechniques, Grazing
Incidence X-Ray Diffraction, Glow Discharge Optic&mission Spectroscopy and
Transmission Electron Microscopy has been usecetanformation about the structure and
the composition of the anodic oxides, as describgte next Sections 3.3.3, 3.3.4 and 3.3.5.
This ex-situcharacterization was carried out in the Laboratdrinterfacial Electrochemistry
of Hokkaido University. Finally, to test whetheraaic oxides are suitable for ReRAM
devices and to determine what are the performaote®vices described in Section 3.1.3,
Electrical Measurements were carried out at thetingtr Werkstoffe der Elektrotechnik 2 of

the RWTH Aachen University, under the supervisibbo llia Valov.

3.3.1 Photocurrent Spectroscopy

Photocurrent Spectroscopy (PCS) is currently engadpr the characterization of solid state
properties of semiconducting and insulating malgrsince the knowledge of their band gap
IS a prerequisite to any possible application ffedent fields such as solar energy conversion
(photoelectrochemical and photovoltaic solar cepiiptocatalysis) and microelectronics
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(highk, high band-gap material$}®* As other optical techniques, PCS is a non-desweict
technique based on the analysis of the electrocdannesponse (photocurrent or photo-
potential) of the metal/oxide/electrolyte interfaseder irradiation with photons of suitable
energy and intensity. At difference of other opticeethods, PCS offers the further advantage
that the photocurrent response of the anodic oxide more generally,
semiconducting/insulating material is directly tethto the amount of absorbed photons. This
means that the technique is not demanding in tefssirface so that it can be also used on
rough surfaces (e.g for monitoring long-lastingraosion processes where changes of surface
reflectivity are expected owing to possible roughgrof metal surfaces covered by corrosion
products)’®

PCS is very useful, since it is able to provideoinfation about some aspects already
discussed in Section 2.2, and that are necessanyderstand how the anodic oxides work in
operation:

I. the energetics at the metal/oxide/electrolyte fater (oxide flat band potential
determination, conduction and valence band edgestitm, internal photoemission
threshold);

il. the oxides electronic structure and indirectly dtigh the optical band gap/mobility

gap values) chemical composition of the oxihesitu®>#°

Nevertheless, PCS presents also some limitatiomsgow the following aspects:

I the technique is able to scrutinize only photoactive layers;

i. the investigation of surface layers having opticahd gap lower than 1 eV or larger
than 5.5 eV requires special setup or they arerarpatally not accessible in aqueous
solutions;

ii. structural information and chemical composition thé layers are not accessible

directly and complementary investigation based thertechniques can be required.
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The first two limitations are rather apparent than real. With the exception of noble metals (Ir,
Ru, etc.) which are covered by conducting oxides only at high electrode potentials, most of
metals are thermodynamically unstable by immersion in aqueous solution and they become
covered by oxide or hydroxide films having often insulating or semiconducting properties.
Moreover, with the exception of very few oxides grown on metals of lower electronegativity,
the most common oxides have band gap values largely lying within the optical window
experimentally accessible by PCS.***” The third limitation is the major one but it has been
shown by different authors in the last years that PCS can provide indirectly compositional
information once interpretative model of the photoelectrochemical behaviour of passive
film/electrolyte interface is introduced, which accounts also for the complex electronic
structure of amorphous materials.*>*””° Many papers and book chapters from Prof. Di
Quarto’s group can be read to have more details about this technique and which information
are possible to get from PCS.*754785:86

PCS setup used for all the photoelectrochemical measurements in this Ph.D. work is shown in
Figure 3.3. It is composed by a 450W UV-VIS xenon lamp coupled with a Kratos
monochromator, which allows a monochromatic irradiation of the specimen that is filtered
through a quartz window present in the cell. A two phase lock-in amplifier is coupled with a

mechanical chopper (working at a frequency of 13 Hz).
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Figure 3.3 Schematic experimental setup employed for PCS studies.”’
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The use of a chopper together with a lock-in angliis necessary to extract weak
photocurrent signals in presence of large darkeciiriwWhen the photocurrent is measured by
means of the lock-in technique, there is a peratlicchopped photon flux. In this case, the
lock-in measures a signal whose intensity dependbi® ratio between the chopping angular
frequency,ar, and the time constant of the electrical equivialg@rcuit of the junction,r,
including also the electrolyte resistance { RC;, with R and C; representing the total
resistance and capacitance of the junctfon).

All the photoelectrochemical measurements wereiechiwut in 0.1 M ammonium biborate
tetrahydrate electrolyte (ABE, (NHB4O74H,0) (pH ~ 9) at room temperature. Photocurrent
spectra were conducted at fixeld by recordindn every 15 s (i.e. every 5 nm according the
rate with which the monochromator scans the wagtlgnwhilst photocharacteristics were
recorded at fixed irradiating wavelength by scagtia toward cathodic direction at 10 mV s
! Current transients (OFF: dark, ON: light in tigufes) were also recorded at fixeg and

by chopping manually the irradiation of the samples

3.3.2 Differential Capacitance Measurements and Electeoecital Impedance

Spectroscopy

Differential Capacitance measurements and Electroatal Impedance Spectroscopy (EIS)
are very popular techniques for the characterimadfosemiconductor/electrolyte interfaces as
well as in studying the electronic properties omsmnducting or insulating oxide thin
films.?*>*2These methods involve the application of a smatiysbation that can be of applied
potential or of applied current but typically a @atial perturbation of 10 mV is used.
Electrochemical systems are usually strongly neairsystems thus, if a small perturbation is
applied to the system, the cell response will lugds-linear. In this way, the current response
to a sinusoidal potential will be a sinusoid at slaene frequency but shifted in phase allowing

application of a linear model for interpretation sgectra. The correct potential amplitude
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represents a trade-off between the need to minimardinear response (by using a small
amplitude) and the need to minimize noise in th@adance response (by using a large
amplitude). The amplitude depends surely on théesysunder investigation. For systems
exhibiting a linear current-voltage curve, a veayge amplitude can be used whilst for
systems exhibiting very nonlinear current-voltageves, a much smaller amplitude is
needed?

In Differential Capacitance measurements, the gbtential is swept typically (for a n-type
semiconductor) from a strong anodic polarizatiofti{wespect to the flat band potential of
the oxide film) to a polarization approaching tleg band potential, or even more cathodic
when the oxide layer is so insulating that the enirmaintain low values also for cathodic
polarization (blocking character to the hydrogenletron reaction). The a.c signal frequency
is fixed during the measurement. Typically the nieament is repeated for different a.c.
signal frequencies in order to get reliable infotioraon the electronic properties of the films,
even though in many cases the study of the eldactfmoperties is performed by using the
Mott-Schottky analysis at only one frequefty**°

EIS spectra are recorded by keeping constant #&retle potential and spanning the a.c.
signal frequency in a range that is chosen to rieetlynamic response of the system under
study. The challenge in the EIS data analysiseasctibice of the electrical equivalent circuit
to be employed in fitting the experimental datava#l as on the physical meaning to attribute
to the different passive elements of the electriegjuivalent circuit. The physical
understanding of the current paths and potentiapgiin the system serves to guide the
structure of the corresponding electrical circMbst of the circuit elements in the model are
common electrical elements such as resistors, tapgcand inductors. The impedance

response can be describechasing real and imaginary components:

Z=17,+72 3.1
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When the input and output are in phase, the imagipart of the impedance has a value of
zero and the impedance has only a real contribufio®When the input and output are out of
phase the real part of the impedance has a valueer and the impedance has only
imaginary contributionZ;. The relationship between the complex impedancethaghase

angle is shown more clearly in the use of phasagrdims and relationships, so that the

impedance can be expressed as:

Z = |Z| exp(j®) 3.2

where |Z| represents the magnitude of the impedasater andd represents the phase angle.
The representation of impedance in terms of madaitand phase angle as functions of
frequency on a logarithmic scale are called Bodéspf

The impedance of a resistor is independent of #aqu and has no imaginary component.
With only a real impedance component, the currerdgugh a resistor stays in phase with the
voltage across the resistor. The impedance of dactor increases as frequency increases.
Inductors have only an imaginary impedance compioaed, as a result, the current through
an inductor is phase-shifted 90 degrees with resjgethe voltage. The impedance versus
frequency behaviour of a capacitor is opposite hat tof an inductor, so that impedance
decreases as the frequency is raised. Capaciteoshave only an imaginary impedance
component so that the current through an capaisitphase-shifted -90 degrees with respect
to the voltage.

Another circuit element, the Constant Phase Elef@RE), Q, is often used in modelling the
EIS spectra, most of the time to model the behavidia non-ideal capacitance. Generally
speaking, when the assumption of a uniformly acélextrode is not valid, a time-constant
dispersion can be observed due to variation albegetectrode surface of reactivity or of
current and potential. The presence of time-congtanfrequency) distribution is frequently

modeled by use of CPE element. The impedance ®&teiment can be expressed-as:
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__1 3.3
“ore = Gorr

with w the angular frequency of the a.c. signal. It ipamant to mention that, for n = 1, the
CPE behaves like a pure capacitor.

Unless otherwise stated, both Differential Capacéameasurements and EIS spectra were
recorded in a 0.25 M NHPQO, solution (pH ~ 9) with a three-electrode configima where

the counter electrode was a Pt net with a very Bigffiace area and the reference electrode
was a silver/silver chloride electrode (0 V vs Ag@ = 0.197 V vs SHE). The frequency
range for EIS spectra was always 100 kHz — 100 rmaHd the fitting procedure was
performed with ZSimpWin software (Princeton Appliedsearch).

3.3.3 X-Ray Diffraction

X-Ray Diffraction, XRD, is a non-contact and norsttactive technique and it is the most
widely used technique for crystalline materialsrelsterization. Owing to the huge data bank
available covering practically every phase of evknpwn material (powder diffraction
patterns), it is possible to identify phases inyppolstalline bulk material and to determine
their relative amounts from diffraction peak intities *°

X-rays are electromagnetic radiations with wavelksgf the order of I8 m. They are
typically generated by bombarding a metal with hagiergy electrons. The electrons
decelerate as they fall into the metal and generatdétion with a continuous range of
wavelengths calleBremsstrahlungSuperimposed on the continuum are a few highsitg
sharp peaks. These peaks arise from collisionseointcoming electrons with the electrons in
the inner shells of the atoms. A collision expets éectron from an inner shell, and an
electron of higher energy drops into the vacanayitteng the excess energy as an X-ray
photon. If the electron falls into a K shell (a kgth n = 1), the X-rays are classified as K

radiation, and similarly for transitions into thgii.= 2) and M (1 = 3) shells. Strong, distinct



Experimental 41

lines are labelled Ka, Kf, and so on.”’

Crystals are composed of regularly spaced atoms which might act as scattering centers for X-
rays and, being the X-rays electromagnetic waves of wavelength almost equal to the
interatomic distance in crystals, it is possible to diffract X-rays by means of crystals. The

condition for diffraction is:

nA = 2dsin@ 34

being n an integer number, A the wavelength of the incident X-ray, d is the distance between

crystallographic planes and 0 is the angle of incidence as shown in Figure 3.4.

Figure 3.4 Diffraction of X-rays by a crystal.”®

Equation 3.4 is called Bragg’s law and states that the incident and diffracted beams are
coplanar with the normal to the lattice planes and equally inclined at 90° — 0 to it and that the
angle 6 (called the Bragg angle) is related to the X-ray wavelength and to the interplanar
spacing.”®

Therefore, X-ray diffraction principles are used to know if a material is crystalline or
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amorphous and, if crystalline, which phases compose material. Practically, there are two main
methods to characterize materials, Bragg-Brentano and Grazing Incidence, as shown in Figure

3.5.
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Figure 3.5 (a) Bragg-Brentano and (b) Grazing Incidence methods for X-Ray Diffraction.”

In the Bragg-Brentano (0 - 20) geometry (Figure 3.5(a)), tube and detector rotate with the
same speed, maintaining symmetric scan conditions. In this way, only the crystallographic
planes parallel to the surface sample can be detected, even though, most of the time,
polycrystalline materials have a random crystals distribution. More important is that, when a
thin film is characterized by the conventional 0 - 20 scan, diffraction signals from the film are
much weaker than those from the substrate (e.g. metal layer in the case of anodic oxides)
because the incident X-ray beam penetrates deeply into the substrate. Although the
penetration depth varies with the symmetric sweep angle 0/20, it is generally much greater
than the film thickness. Therefore, as in the case of thin anodic oxides, Grazing Incidence
method (Figure 3.5(b)) is needed. With this geometry, only the detector rotates through the
angular range, keeping the incident angle, the beam path length, and the irradiated area
constant. The stationary incident beam makes a very small angle with the sample surface
(typically 0.3° to 3°), which increases the path length of the X-ray beam through the film.

This can enhance the diffraction intensity of an ultrathin film, while considerably reducing the
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signal from the substrate at the same time. Siheepath length is increased at Grazing
Incidence, the diffracting volume of the film (i.ets effective thickness) increases
proportionally. As a result, there is a considezalshprovement in the film’'s signal-to-
background ratio. In this work, only GIXRD methodswused, because of the low thickness
(10 - 250 nm) of grown anodic oxides. These measen¢s have been carried out at
Hokkaido University by using a Rigaku, RINT-220Gw®m: a Cu K radiation A = 0.15418
nm) was used with an incident angle of 1° at 40akdd 20 mA over 20 - 90° a® Pange with

a step size of 0.02° and a scan rate of 2°’min

3.3.4 Glow Discharge Optical Emission Spectroscopy

Glow Discharge Optical Emission Spectroscopy (GDPB#ows rapid depth profiling
analysis of surface regions, from the first nan@rseto depths of several tens of microns with
excellent depth resolution and sensitivities fa tletection of many elements. The specimen
Is sputtered through argon ions and is then exaitedlow pressure plasma discharge and the
resulting light emission is used to characterizé qumantify the sample composition. The two
mechanisms of sputtering and excitation are spatsdparated. The sputtering phase is
material dependent but the emission, taking platdhe gas phase, is nearly independent from
the material. Radiofrequency GDOES allows the asiglpf both conducting and non-
conducting specimens, whereas d.c. instrumentdirared to the analysis of conducting
sampleg®

In this Ph.D. work, elemental depth profile anaysf the anodic layers was conducted by
using a Jobin Yvon 5000 instrument in radiofreqyemode in the Laboratory of Interfacial
Electrochemistry of Hokkaido University. A 4 mm diater copper anode and high purity

argon gas were used for the generation of plasma.

3.3.5 Transmission Electron Microscopy

Information about the structure of electrochemicgitepared thin films were obtained by

Transmission Electron Microscopy (TEM). Images ol#d from electron microscopy, as



Experimental 44

TEM, are due to the nature/degree of electron extagf from the constituent atoms of the
sample. Electrons are easily absorbed by air, ithHeasnandatory the use of ultrahigh vacuum
(UHV) environments and they are scattered so mutihtive matter so that high sensitivity is
got from the interaction of electrons with extreynemall samples. Interaction between the
electron source and atomic nuclei gives rise tstiglgcattering, which results in a large-angle
deflection of the electron beam with little or noeegy loss, and gives information about the
structure of the specimen. In contrast, electr@ctedbn interactions between the source and
electron clouds of individual atoms cause smalll@amgflections with a significant loss of
energy, known as inelastic scattering, giving infation about the atomic species present in
the specimen. In particular, by operating with acnwscopy in transmission mode, the
intensity from an electron source after it has pdghrough a transparent sample is measured.
The relative degree of penetration through a paeicsample is governed by the energy of
the electron source. Higher energy electrons g8@.keV) will be more penetrating, allowing
for the characterization of thicker and/or lessnsmarent samples. Generally speaking,
increasing the thickness of a sample, or decredbmgnergy (i.e. accelerating voltage) of the
electron beam, will induce more scattering evemtsugh more effective interactions between
the electron beam and atoms of the sample. Thesteffill enhance image contrast, since
there is a larger deviation between the path lengtiransmitted and scattered electrons that
reach the viewing screéff Since transparent samples are needed, specinuénehbs has to
be less than 200 nm in thickné&but practically slices of < 40 nm in thickness ased. If
the transmitted electrons do not come from a stamm but from a focused electron beam
with a high current density and small diameter tlgatscanned across the sample, the
microscope is called Scanning Transmission Eled#tamoscope (STEM). In this work, three
different STEMs were used: a JEOL, JEM-ARM-1300 SfT&perating at 1250 kV, a FEl,
Titan3 G2 60-300 STEM operating at 300 kV and a D0 Hitachi STEM operating at 200
kV. All the TEM observations were carried out atkKaido University with the collaboration
of research group of Prof. Habazaki.

Most of the time, ultramicrotomy was used to prepa&ross-sections of the different
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investigated samples, with Al/alumina as substrate of the metal/anodic oxide junction. First of
all, 0.2 x 1 cm samples were encapsulated in an epoxy resin, composed by four components:
1.5 ml of Epon 812 (a glycerol based aliphatic epoxy resin), 0.7 ml of DDSA (dodecyl
succinic anhydride, hardener), 1.0 ml of MNA (methyl nadic anhydride, hardener) and 0.075
ml of DMP30 (2.,4,6-tridimethyl amino methyl phenol, accelerator). The resin was then
hardened in oven for at least 8 h at 60 °C. Afterwards, one side of the piece was cut into a V-
shape along its long axis by mechanical polishing, leaving finally a small cross-sectional area,
100 pm wide and 2 mm long, at the top of V-shaped specimen. This was then rinsed with
distillate water to remove residues of polishing materials and fixed to the sample holder of the
ultramicrotome. The top of V-shaped specimen was trimmed initially with a glass knife as

shown in Figure 3.6.

Figure 3.6 Trimming of the specimens with the ultramicrotome by using a glass knife.

In this phase it is essential that the sample should be oriented such that the cutting direction is
approximately parallel to the oxide/metal interface to avoid detachment of the coating and
substrate.'” Finally, the cross sections of the samples were obtained by cutting the tips of
trimmed specimens with a diamond knife. A RMC PT-X PowerTome Ultramicrotome was

employed to prepare the sections in this study. The resulting specimen sections floated onto
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the water meniscus above the diamond knife and w@tected on copper grids. In the case
of anodic oxides with glass/metal as substratejtachi FB-2100 FIB system employing a
Ga' ion beam was used to prepare the cross sectioiws. tB ion beam preparation, the

surfaces were coated with a Pt layer to avoid anogli@ oxides damage.

3.3.6 Electrical Measurements

Electrical Measurements were carried out at IWER®/TH Aachen University, under the
supervision of Dr. Ilia Valov. This characterizatiaimed to check, first of all, if metal/anodic
oxide/Pt junction show resistive switching phenomend, after that, determine the devices
performances. As described in Section 3.1.3, teptelde was Pt for all the measurements
and, unless otherwise mentioned, it was always rgted with the voltage applied on the
bottom electrode (i.e. metal substrate that wasgiqusly anodized).

Typical electrical measurements compliisé sweeps, Cyclic Voltammetries (CV) and pulsed
measurements such as the retention test, the emduiest and fast pulses measurements.

I-V sweeps are used to detect resistive switching@hena and are performed usually by
using a Keithley 2636 A System SourceMeter. AltHouthe Keithley 2636 A can
automatically adjust current and voltage rangesad recommended to preset these ranges to
avoid switching between different ranges during ieasurements. It was always chosen a
current compliance (in the range betweernu20and 10 mA) to avoid damage of the memory
cells in the low resistance state.

Since ReRAM devices are based on redox reactionsotit electrode/solid electrolyte
interfaces (see Section 2.3), CVs were used toataeelox reactions prior to any resistive
switching in order to understand what species amwolved in the switching
phenomenofi®***%°Cyclic Voltammetry is typically used in electrochistry to understand
what species are oxidizing and reducing by sweegiactrode potential with a forward and a
reverse scaff’ The use of a three-electrode configuration, isingia reference electrode, is
necessary. In the case of solid state devices, asidkeRAM devices, the use of a reference

electrode is not simple as for liquid electrolyte that the two-electrode configuration was
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used, where the potential of the counter electrode (i.e. Pt) was used as a quasi-reference
electrode. CVs were performed by using a Keithley 6430 Sub-FemtoAmp Remote
SourceMeter because of its current resolution < 1 fA. These measurements were carried out in
ambient atmosphere with different sweep rates (i.e. mV s™') in order to better resolve redox
reactions peaks.

In order to investigate devices switching kinetics as well as durability and stress
performances, pulsed measurements were carried out. Retention and endurance tests were
performed by using a Keithley 2636 A System SourceMeter, in which the minimum pulse
time was 2.5 ms whilst for switching kinetics (i.e. fast pulses measurements) a Keithley 4200-
SCS Semiconductor Characterization System was employed to reach also 1 ps as pulse time.

How the voltage was applied in every single electrical measurement is sketched in Figure 3.7.
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Figure 3.7 (a) I-V sweep; (b) retention test; (c) endurance test; (d) SET and (e) RESET pulses.
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4 The Influence of the Anodizing Bath Composition on
the Solid State Properties of the Anodic Oxides

As previously discussed in Section 2.1.2, the anodides growth results to occur due to
simultaneous migrations of metal cation"Mutwards and oxygen anions> Gnwards
proceeding in a cooperative manner, developing filnaterial both at the anodic
film/electrolyte and metal/anodic film interfacegspectively. However, anodic layers
structure and composition are strongly dependenhupe used electrolyte due to possible

107-199Thjs is a very important aspect

incorporation of foreign species from the anodiznagh
because the presengkforeign species in anodic filneould affect the electronic properties
of the films with possible detrimental effects deléctric properties of the oxides. Moreover,
it was shown that during the anodizing processmmanium-containing electrolytes of valve
metals such as Nb, Ta and Ti, N incorporation agcwith significant effects on the solid
state properties of the corresponding oxid&s It is noteworthy to mention that, in the case
of tantalum, such incorporation is reported to ocanly when the anodizing electrolyte pH
was higher than the pH of zero charge fg@Hof TaOs, since negatively charged oxide
surface allowed ammonium cations reaching the &itrd being de-protonated by the imposed
electric field strength.

High-k anodic oxides grown on Al-Ta alloys in ammoniunmaining anodizing bath were
chosen as the suitable system to study if the puration of foreign species leads to a change
in the solid state properties of the oxides. Tha@his motivated from the fact that, the same
anodic oxides but grown in borate buffer solutiae.(ammonium-free bath) were already
studied™ so that it is possible to make a reliable compariand to understand what is the
effect of the anodizing bath composition on thédssiate properties of the anodic layers.
Al-Ta alloys with various compositions (10, 18, ZN), 42, 62, 81, 91 at % of Ta) were
prepared by magnetron sputtering on glass substastdiscussed in Section 3.1.2. Mixed Al-
Ta oxides were grown potentiodynamically up to 2@svHg/HgO (see Section 3.2) in two
different solutions: a borate buffer (0.42 MB®O;, 0.08 M NaB,O;) (pH =8) and a 0.1 M
ABE (pH ~ 9). Anodic layers were then characterizlecbugh X-Ray Reflectivity (XRR),
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GDOES Spectroscopy (see Section 3.3.4), PCS (see Section 3.3.1) and Impedance

measurements (see Section 3.3.2).

4.1 Anodic Oxides Growth

In Figure 4.1(a) the growth curve relating to the anodizing of Al-91at.%Ta alloy is reported.
As typical of anodic oxides growth on valve metals, after an abrupt increase, the current
density reaches an almost constant value, which is a function of the metallic substrate
composition. The growth efficiency of the anodizing process for all the investigated alloys, as
defined by Equation 2.6, is close to the unity since igiss 1S expected to be negligible for all the
oxides according to the Pourbaix diagrams relating to Al and Ta,''* and i is negligible due the
blocking character of the oxides, as confirmed by the very low current circulating during the

reverse scan (see Figure 4.1(a)).
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Figure 4.1 (a) Current density vs potential curve recorded during the growth of anodic film on Al-91at.%Ta
alloy. (b) X-Ray Reflectivity spectrum relating to the same oxide. Fitting parameters: density = 8.5 g cm”,
thickness = 37 nm, roughness = 0.33 nm.

In Figure 4.1(b) the XRR spectrum relating to Al-91at.%Ta anodic film is reported. The
resulting angle-dependent curve, which is correlated to changes of the electron density in the
sample, was fitted with a triple layer model (SiO,/Alloy/Oxide). The fitting procedure
allowed to estimate a film thickness very close to that estimated from the anodizing ratio (see

Table 4.1), and a density which is very close to that reported for pure anodic Ta,Os>* with
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roughness in order of few A. The roughness faasulted between 0.3 and 0.5 nm for the

investigated samples.

Table 4.1Thickness of the anodic layers estimated accordirige anodizing ratios reported in literatéié"®

Base alloy Thickness / nm
Al 24
Al-10at.%Ta 24.5
Al-18at.%Ta 25
Al-20at.%Ta 25
Al-30at.%Ta 26
Al-42at.%Ta 27
Al-62at.%Ta 29
Al-8lat.%Ta 30.5
Al-91at.%Ta 31
Ta 32

Oxide thickness increases due to chemical readiisween T, AI** and G". Mobile
cationic species are produced at the metal/oxiterface and migrate outward toward the
oxide/electrolyte interface. Mobile anionic specim® produced at the oxide/electrolyte
interface and migrate inward. In aqueous solutvamere water molecules might be expected
to adhere to the film with negatively charged oxygdom adjacent to the oxide surface,
mobile anionic species are mainly @nd OH ions derived from water de-protonatiih?
The OH, once incorporated, are converted to iBns and protons, with ‘Hmigrating out of
the film under the high electric field strengthldfge oxyanions are present in the anodizing
bath (e.g. biborate), hydrogen bonds can be forbetdeen H of water molecules and O of
such oxyanions (see Figure 4.2) with a consequeakaning of O-H covalent bonds in®

and, thus, easier de-protonation.
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Figure 4.2 Absorption of water and biborate molecules at oxide surface.

However, it was proved that other anionic species, A”", of the anodizing bath can be also
incorporated during the anodizing process, leading to the formation of oxides containing
foreign species.''® More specifically, incorporation of several inorganic''’ and organic''®
anions has been reported during the anodizing of Al, while incorporation of several ions has
been proved during the anodizing of Ta.'"” Recently, it has been also demonstrated that N
incorporation occurs during the anodizing of tantalum in ammonium biborate solutions,
provided that the electrolyte pH is higher that the pH of zero charge (pHy,.) of the oxide. In
the latter case oxide surface is negatively charged, thus allowing NH," ions to approach the
oxide/electrolyte interface and to be de-protonated generating NH;.,* moieties that are
incorporated into the anodic film with the consequent formation of a N-doped anodic oxide.""
In Figure 4.3 GDOES elemental depth profiles relating to anodic films grown to 20 V in 0.1
M ABE on Al-10at.%Ta, Al-42at.%Ta and Al-81at.%Ta alloys are reported. N signal is weak
but present across the whole film thickness, thus confirming that nitrogen incorporation
occurs also during the anodizing of Al-Ta alloys. The pH of zero charge, pHy,., of aluminium

and tantalum oxide are of ~ 9.5 and 2.9 respectively,'*"'*!

thus it is supposed that the higher is
Al content into the oxide, the lower is the extent of the N incorporation phenomena.

Formation of NH3.,* moieties is assisted by weakening of the N-H bond as depicted in Figure
4.2 since, due to the large electronegativity of nitrogen, formation of hydrogen bonds between
H of ammonia and O of oxyanions (i.e. -NH--O) can also occur. As occurs for OH", NH;."
can lose protons and being finally incorporated into the anodic films as N ions. N-H
dissociation energy in ammonia (388 kJ mol™) is lower than O-H dissociation energy in water
(463 kJ mol™"). Moreover, ionic radii of NH, and N* (0.173 nm and 0.171, respectively)'**'*

are close to that of O and OH™ (0.140 nm and 0.153 nm, respectively) and even lower than
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that of oxyanions, whose incorporation has been proved in literature (e.g. 0.238 nm for PO,
and 0.230 nm for SO,%).""” Thus, it is likely that a oxynitride or N-doped oxide can be formed
during anodizing process without significant structural problems, considering that the films
are amorphous and that according to the literature the only effect of nitridation of crystalline
tantalum oxide is an expansion of the lattice, due to the smaller ionic radius of O* (0.140 nm)
with respect to N** (0.171 nm)."** Such expansion is also reported to occur for N-doped Ta,Os

and in spite of this, a crystalline stable phase is formed.
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Figure 4.3 GDOES depth profiles of the anodic films grown to 20 V on (a) Al-10at.%Ta, (b) Al-42at.%Ta and
(c) Al-81at.%Ta alloys in 0.1 M ABE.

4.2 Impedance Measurements

In order to get information on the dielectric properties of the investigated oxides,
electrochemical impedance spectra and differential capacitance curves were recorded. In
Figure 4.4 the EIS spectra, recorded at Ug = 5 V vs Hg/HgO (i.e. at potential more anodic
than the corresponding flat band potential, see below), are shown in Modified Bode
representation relating to the anodic films grown on Al-42at.%Ta, Al-62at.%Ta and Al-
91at.%Ta alloys in 0.1 M ABE and borate buffer to 20 V.

It is important to note that no significant differences are found in EIS spectra due to the



The Influence of the Anodizing Bath Composition on the Solid State

Properties of the Anodic Oxides 53

anodizing bath composition. The high |Z] and a phase angle very close to -90°, confirm the
formation of blocking oxides. Spectra can be simulated by the electrical circuit reported in
Figure 4.4(d), where R, is the electrolyte resistance (employed to get the Modified Bode

representation), R.x is the anodic film resistance and Q. is a Constant Phase Element (CPE)
introduced to model the oxide capacitance.
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Figure 4.4 EIS spectra relating to anodic films grown on (a) Al-42at.%Ta, (b) Al-62at.%Ta and (c) Al-91at.%Ta

alloys in ABE and borate buffer, recorded by polarizing the film at 5 V vs Hg/HgO. (d) Electrical equivalent
circuit employed to model metal/oxide/electrolyte interfaces.

Another RQ parallel was inserted to model the electrochemical reaction, where R is the

charge-transfer resistance and Oy the non ideal Helmholtz double layer capacitance. This
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equivalent circuit very well fits the experimentidta relating to all the investigated anodic
layers grown in 0.1 M ABE, with the fitting parareet reported in Table 4.2. The very high
Rox values and n very close to 1 suggest that theesximehave like ideal capacitors. It is
interesting to mention that very hidgh; were estimated, as expected for blocking interface
and Q4 allowed to estimate double layer capacitance woge to 20pF cmi?, the value

reported in the literature for aqueous soluti¥ns.

Table 4.2Fitting parameters relating to EIS spectra ofathénvestigated anodic films using equivalent &liec
circuit of Figure 4.4(d).

Basealloy Ry/Qcn? Ry/Qcm? Qy/S$cm? n Rox/ Q2 cm’ Qo /S S cm? n
Al 14 1x1d 2.1 %10 0.82 1x18 4.3 x 10 1
Al-10at.%Ta 15 1x 10 23x10 0.85 1x18 4.4 x 10 0.99
Al-18at.%Ta 14 1x 10 21 %10 0.80 1x18 5.4 x 10/ 1
Al-20at.%Ta 39 1x 10 2.4 x10 0.87 1x18 4.2 x 10 0.99
Al-30at.%Ta 26 1x 10 25x10 0.88 9x18 4.4 x 10 0.99
Al-42at.%Ta 20 1x 10 2.2 x10 0.88 1x18 6.2 x 10’ 0.99
Al-62at.%Ta 24 1x 10 2.2 x10 0.85 1x18 5.4 x 10/ 0.99
Al-81at.%Ta 23 1x 10 2.0 %10 0.82 1x18 7.8 x 10/ 1
Al-91at.%Ta 27 4 x 10 2.2 x10 0.95 1x18 6.9 x 10/ 0.99
Ta 39 1x16 2.2 x10 0.88 1x18 8.5 x 10/ 1

In Figure 4.5(a) the Differential Capacitance measients, recorded &t 1 kHz, for all the
investigated anodic oxides are reported. It is @vidhat the measured capacitancg, is
almost potential independent and slightly dependarftequency, as expected for amorphous
insulating material$?® A comparison with the capacitance of 20 V anodlims on Al-Ta
alloys grown in borate buffer solution shows thatappreciable differences are evident on the
overall impedance (see Figure 4.5(b),(c),(d)). Tuggests that the presence of N into the
oxide causes the formation of deep localized statess at energy level so far from the
conduction band mobility edge that they cannot itoate to the measured capacitance in the

range of investigate frequencies. This is agreeméhtprevious experimental findings on the
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111,112

effect of nitrogen incorporation during the anodizing of Ta and Ti, which is reported to

induce formation of localized states close to the valence band mobility edge.
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Figure 4.5 (a) Measured series capacitance relating to all the anodic oxides grown in ABE. Measured series
capacitance relating to the anodic films grown on (b) Al-42at.%Ta, (c) Al-62at.%Ta and (d) Al-91at.%Ta alloys
in ABE and borate buffer. a.c. signal frequency: 1 kHz.

Provided that the equivalent circuit of Figure 4.4(d) well simulates the impedance of the

overall metal/oxide/electrolyte interface, it is easy to extract the oxide capacitance from Cy.

Assuming that C, can be described by a parallel plate capacitor model:
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whereg (8.85 x 10 F cni®) is the vacuum permittivitye the film relative permittivity and
dox its thickness. Whereas there are no differenceandic film growth with respect to
anodizing solutions, oxides thicknesses reportethliie 4.1 can be considered in calculating
¢ for the oxides grown in 0.1 M ABE. Dielectric coasts are reported in Table 4.3 and the

values are in very good agreement with that redddethe oxides grown in borate buffét.

Table 4.3Anodic films dielectric constants estimated fronff@ential Capacitance measurements.

Base alloy Dielectric constant
Al 9
Al-10at.%Ta 10
Al-18at.%Ta 14
Al-20at.%Ta 12
Al-30at.%Ta 13
Al-42at.%Ta 14
Al-62at.%Ta 16
Al-8lat.%Ta 24
Al-91at.%Ta 23
Ta 29

4.3 Photoelectrochemical Measurements

In order to study the influence of N incorporatiom the solid state properties of the oxides,
photoelectrochemical measurements were also cawoigd Anodic photocurrent spectra
(normalized for the maximum value bf) relating to the anodic film grown on Al-62at.%Ta
alloy in both solutions, recorded by polarizing #lectrodes at 5 V vs Hg/HgO, are reported

in Figure 4.6(a).
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Figure 4.6 Anodic photocurrent spectra (a) relating to anodic films grown on Al-62at.%Ta alloy in ABE and
borate buffer. Band gap estimate by assuming non direct optical transitions relating to the same anodic films
grown in ABE (b) and borate buffer (c).

An evident redshift in the optical absorption threshold is present for the anodic film grown in
0.1 M ABE, while no photocurrent is detected for A > 310 nm in the spectrum relating to the
oxide grown in borate buffer. From photocurrent spectrum (see Section 2.2), it is possible to
estimate the optical band gap value of the investigated anodic films according to Equation
2.16, assuming that /,;, is proportional to the light absorption coefficient and taking to account
n value equal to 4 as for non direct optical transitions. As discussed in Section 2.2, due to the
amorphous structure of the investigated oxides, presence of allowed localized states inside the

gap is predicted according to several models of density of states distribution thus it is more
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appropriate to call the optical band gap as the mobility gap of the anodic layers.

An E;" of 4.2 eV has been estimated for the anodic film grown in buffer, as shown in Figure
4.6(c), which is slightly lower than that estimated for thinner oxides (i.e. formation potential =
10 V).""® For the oxide grown in the ammonium-containing solution (Figure 4.6(b)) by
extrapolating to zero the (Iphhv)o'5 vs hv plot, it was possible to estimate an E," of ~ 4.1 eV
but a long photocurrent tail is also present ending at 3.4 eV. The latter is due to optical
transitions involving allowed states in the mobility gap of the oxide, generated by N
incorporation.

The same photoelectrochemical behaviour was shown by anodic films grown on Al-Ta alloys
with a Ta content > 42 at.%, (see Figure 4.7), while for oxide grown on Al-20at.%Ta there is
no evidence of photocurrent at energy lower than E," of the oxide. It is noteworthy to
mention that no anodic photocurrent was measured for anodic films grown on Al-Ta alloys

with a lower Ta content.
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Figure 4.7 Band gap estimate by assuming non direct optical transitions relating to anodic films grown on (a)
Al-91at.%Ta, (b) Al-81at.%Ta, (c) Al-42at.%Ta, and (d) Al-20at.%Ta alloys in ABE.
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The dependence of the measured photocurrent on the applied potential, i.e. on the electric
field strength across the films, has been also studied. In Figure 4.8(a) the I, vs Ug curves
(photocharacteristics) for the anodic films grown on Al-62at.%Ta in both ABE and borate
buffer, recorded at A =270 nm (hv = 4.58 eV), are shown. As it will be better discussed in the
Section 4.4, the shape of I, vs Ug curves suggests the occurrence of recombination
phenomena for both films grown in ABE and borate buffer. As expected for insulating films,
by scanning the electrode potential toward the cathodic direction, a clear inversion of the
photocurrent sign was revealed, as confirmed by a sharp change in the photocurrent phase
angle (not shown). In the case of insulating materials both anodic and cathodic photocurrent
can be measured when polarizing potential is more anodic and more cathodic than the flat

band potential, Ugg, of the oxide, respectively.
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Figure 4.8 (a) Photocurrent vs potential curves relating to anodic films grown on Al-62at.%Ta alloy in ABE and
borate buffer. (b) Photocharacteristic relating to the same oxide grown in ABE recorded at A = 330 nm. Potential
scan rate: 10 mV s™.

In order to estimate Upg for the investigated layers, current vs time measurements were
carried out under constant irradiating wavelength and manually chopping the irradiation.
Figure 4.9 shows current transients relating to the anodic film grown on Al-91at.%Ta alloy in
ABE at two different polarizing potentials. Under strong anodic polarization, i.e. at 8 V vs

Hg/HgO (see Figure 4.9(a)), soon after irradiation the current reaches an almost stationary
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value for all the investigated wavelengths (up to A = 360 nm).
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Figure 4.9 Total current circulating under irradiation (on) and in the dark (off) in the oxide grown on Al-
9lat.%Ta alloy in ABE, by polarizing the electrode at 8 V (a) and — 0.8 V (b) vs Hg/HgO at different
wavelengths.

At Ug = - 0.8 V vs Hg/HgO (see Figure 4.9(b)), in spite of the presence of anodic
photocurrent spikes soon after irradiation, stationary photocurrent is cathodic, thus suggesting
that Ugg 1s more anodic than - 0.8 V vs Hg/HgO. At this electrode potential, the electric field
is not high enough to avoid photocarriers recombination preventing cathodic photocurrent
detection at A = 360 nm, i.e. at photon energy lower than the oxide mobility gap.

Uyp values estimated from current vs time transients for anodic films grown on alloys with Ta
content > 62at.% are reported in Table 4.4. For anodic films grown in 0.1 M ABE with a Ta
content > 62at.%, it was possible to record photocharacteristics under illumination with
photons corresponding to hv lower than their mobility gap. In Figure 4.8(b) the I, vs Ug
curve recorded at A =330 nm (i.e. hv = 3.75 eV) for the anodic film grown on Al-62at.%Ta in
ABE is shown. I, decreases during the potential scan toward cathodic direction and for Ug <
Urp cathodic photocurrent is measured, as evidenced in the magnified area of the plot. Thus,
photocurrent spectra were recorded at potential lower than Ugg (i.e. at -1.5 V vs Hg/HgO), as
shown in Figure 4.10(a) for oxides grown on Al-62at.%Ta alloy in both ABE and borate

buffer solutions.
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Table 4.4 Flat band potential values estimated by recording current transients under constant irradiating
wavelength relating to the anodic oxides with a Ta content > 62at.%.

Base alloy Ugs / V vs Hg/HgO

Al-62at.%Ta -0.70
Al-8lat.%Ta -0.75
Al-9l1at.%Ta -0.70
Ta -0.65
1.2 1.2
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Figure 4.10 (a) Cathodic photocurrent spectra relating to the oxides grown on Al-62at.%Ta alloy in ABE and
borate buffer recorded at — 1.5 V vs. Hg/HgO. (b) Long wavelength region of the photocurrent spectra, recorded
by using a UV filter. Fowler plots relating the oxide grown in (c¢) buffer and in (d) ABE. Inset: electrons internal
photoemission from metal Fermi level.
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As already found for several insulating oxides as well as for thinner films grown in

ammonium-free electrolyte on Al-Ta alloys,'" a long photocurrent tail appears that has been
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explained by electrons injection processes fromatley Fermi level to the oxide conduction
band (see the inset of Figure 4.10(d)).

The threshold energ¥:, associated to this process can be estimateddiwegaio Fowler’s
law (Equation 2.21) from the long wavelength regioh the photocurrent spectra,
corresponding td > 400 nm, which has been recorded using a 400 nroftiitter to avoid
doubling effect (see Figure 4.10(b)). The samermatephotoemission process occurs for the
anodic film grown in ABE with a Fowler thresholchadst coincident with that estimated for
N-free oxide. This experimental finding further popts that N incorporation induces
formation of allowed states close to valence bawdilty edge of the anodic films without
significant effects on the DOS distribution closétie conduction band mobility edge.

4.4 Modelling of the Photocurrent vs Electrode PotentiaCurves

In the frame of Butler-Gartner model, for crystadliinsulating films, a linear dependence of
the measured photocurrent on the applied potergiatxpected in absence of trapping
phenomena, which can modify the electric field rdisition across the layer (see Section 2.2
by substituting the width of the space charge megigc, to the total oxide film thicknesd,y).
However, for both anodic films grown in ABE and feuf such dependence is not linear
supporting the presence of recombination phenomemaamorphous materials the lack of
long range order induces the formation of allowachlized states close to the mobility edge
of the oxide, in agreement with the Mott and Dawisdel discussed in Section 2%Thus,
together with surface and bulk recombination phesrmemexpected for both crystalline and
amorphous materials, it is needed to account feraitcurrence of geminate recombination
phenomena which reduce the efficiency of free eageneration for amorphous anodic film
on Al-Ta alloys.

Geminate recombination occurs generally in any natehere the photogenerated carriers
display very low mobility. The mobility of carriersn the localized states (below the
conduction band and above the valence band edges)ah lower than in the extended states,
so that the probability of initial recombinatiorfexfts in amorphous materials is quite high. In
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fact, during the thermalization time, the electimie pairs do not cover a distance long
enough to prevent recombination due to their mutwallombic attraction. Owing to this
insufficient separation, a certain fraction of ffteotogenerated carriers recombine before the
transport process can separate them permarféntfy.

To explain the dependence of photocurrent on bbéh applied potential and irradiating

wavelength, it is useful to recall the Onsagereotly;*"**?

originally developed for weak
electrolytes, and then applied by Pai and Enckéoinitial recombination process (geminate
recombination) of electron-hole pairs in amorphsetenium?® This was achieved deriving a
mathematical expression for the efficiency of plgetwerationn, taking into account the tri-
dimensional aspect of the generation and the effettte electric field strength on the initial
separation of the photocarriers:

ksT ., op C AT o eEr 1 4.2
D X
Ng(ro, B) = Jpe7e . G

whereE is the electric field strengtkg is the Boltzmann’s constant, e is the electrohigrge,
A=e’/4TEE ks Tro and by considering that every absorbed photortesempair of thermalized
carriers bound by their mutual coulombic attractignis the thermalization length, i.e. the
distance travelled by the photocarriers beforer thiéective separation by the electric field.

In Equation 4.2 the only parameter that changeb wiadiating photon wavelength g,
which is a function of the excess eneflfy = (hv - Eyang, i.€. the extra energy with respect to
that necessary for the optical transition. During thermalization process, this excess energy
is dissipated over the local potential by phononsssion?® According to Equation 4.2,
higher generation efficiencies can be obtained Waitih electric field strengths and high
thermalization lengths. Sincg directly depends on photon energy, high efficienalpes are
achieved at short irradiation wavelengths, whilergj geminate recombination effects are

characteristic of photogeneration at high irradiativavelengthsny has been introduced in
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Equation 2.18, i.e. the general expression of photocurrent on applied potential (applied
electric field) and, by substituting dx to xsc, it is possible to get:

1 + aLd 43
Ly, = ngecbo(l —R) —)]

1—exp (—dox L

aLd [
1+ aLd
where R is the reflection coefficient and Lp is the sum of drift lengths of injected

photocarriers, expressed as:

Lp = (UpTh + peTe)E 4.4

with p photocarriers mobility and T photocarriers lifetime.* Equation 4.3 has been used to fit
photocharacteristics relating to anodic films grown on Al-62at.%Ta, Al-8lat.%Ta, Al-
91at.%Ta alloys and on pure Ta in 0.1 M ABE.

In Figure 4.11 fitting curves are overlapped to the photocharacteristics relating to the anodic
films grown on Al-62at.%Ta, Al-81at.%Ta and Al-91at.%Ta alloys, recorded at two different
wavelengths, 240 nm and 330 nm, corresponding to irradiating photon energy higher and

lower than oxides mobility gap.
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Figure 4.11 Photocurrent vs band bending curves relating to anodic films grown on Al-91at.%Ta, Al-81at.%Ta,
and Al-62at.%Ta alloys in ABE, recorded at A = 240 nm (a) and A = 330 nm (b). Continuous lines are plotted
according to Equation 4.3 with the fitting parameters of Table 4.5.
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The reflection coefficient has been calculated ksingt a three layers model (i.e.
solution/oxide/metal) under normal light inciderexed by including the effects of multiple
reflections:>® with optical constants for solution, metal anddextaken from the literatufé*

138 During fitting procedure the flat band potentiattimated from current time transients (see
Table 4.4) have been used as well as the oxideknisses calculated from the anodizing
ratio estimated by direct inspection of transmissetectron micrographs of ultramicrotomed

section (see Table 4.1). The best fitting pararsedez summarized in Table 4.5.

Table 4.5Fitting parameters relating to photocharactessstiecorded at different wavelengths in 0.1 M ABE,
for anodic film grown on Al-Ta alloys with Ta comite> 62at.%.

Base alloy Wavelength / nm pt / cn? V* rol A

240 6.7 x 10° 10
270 3.7 x 10° 7.5
Al-62at.%Ta 6
300 9.2 x 10 7
330 4.8 x 10° 6
240 1.3 x 194 10
270 1.0 x 134 6
Al-8lat.%Ta .
300 3.7 x 10 4.5
330 1.9 x 10° 4
240 2.3 x 13° 14
270 2.1 x 13° 7
Al-9lat.%Ta 4
300 1.0 x 19 5
330 9.0 x 10° 4
240 2.4 x 13° 17.5
270 1.9 x 134 6
Ta .
300 9.0 x 10 4
330 7.7 x 10° 3

It is interesting to mention tha§ is inversely proportional to wavelength and theyMow pt
values were derived from the best fitting procediifes suggests that far corresponding to

both supra and sub band gap values, photocarrergeaerated in localized states. Due to the
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amorphous nature of the investigated anodic films, it is expected that close to conduction and
valence band mobility edges, lattice disorder and/or presence of not stoichiometric oxides
induce the formation of localized states, which can extend up to 0.2 eV below CB and above
VB edges.127 For hv < E, it is possible to state that allowed localized states are also present
inside the mobility gap and MT even lower than that estimated for higher irradiating
wavelength suggest that they are strongly localized.

Recalling that Fowler threshold energies for films grown in borate buffer and films grown in
ABE are almost coincident and that N incorporation does not contribute significantly to the
measured impedance, it is suggested that anodizing in ABE leads to the formation of anodic

films whose density of states can be described according to the sketch of Figure 4.12.
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Figure 4.12 Electronic structure of an amorphous semiconducting oxides following the Mott-Davis model with
allowed localized states in the mobility gap. LS: localized states.

N incorporation induces the formation of allowed localized states close to the valence band
mobility edge of the oxides and the energy distance of such states from conduction band

mobility edge is related to the redshift of the light absorption threshold of the anodic spectra.
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4.5 Modelling of the Photoelectrochemical Behaviour oLayered Oxide

Films
The occurrence of N incorporation into anodic ogiggeown in suitable anodizing bath, e.g.
ammonium biborate solution, allows to study thetphlctrochemical response of layered
oxides, that are usual in e.g. corrosion studrefadt, passive films and corrosion layers often
consist of multiple layers with different compositi and with a variable content of
hydroxylate specieS’**° Furthermore, it has been shown that by anodizinge pra in
ammonium biborate solution, double-layered oxidesfarmed since N is incorporated into
the oxide only in the outer 70 % of the total fithh.Therefore, in order to correctly get
information from PCS measurements, it is necessaryodel the photoelectrochemical
response of layered oxides. To this aim, it has)hm=formed the growth of layered anodic
films on Al-8lat.%Ta alloy by a double formationopedure with a first anodizing step in
ABE and second anodizing step in borate buffertsmia or vice versa up to 50 V in two-
electrode configuration (see Section 3.2), expigithe fact that N is incorporated into mixed

Al-Ta oxides throughout the whole oxide thickness.

4.5.1 Theoretical Background

The photoelectrochemical response under irradiatfoanodic films grown on valve metals
and valve metals alloys with a double-layered $tma; as that depicted in Figure 4.13, arises
from the contribution coming from inner and outdrapes, which are expected to have
different optical gaps and photocarriers transpooperties. The model used to describe the
photoelectrochemical behaviour of double-layeretindi under particular simplifying
conditions, was already employed to fit the depandef photocurrent on photon energy for
films having an inner anhydrous layer and an olyelrated layet*

The following assumptions are made in order to §fsnfhe real systems:

I the two photoactive layers are compact and connected in series;

il. both layers are insulating (or semiconducting vatthickness lower than the width of
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the space charge region).

The first hypothesis is fulfilled in the case of barrier anodic films grown on valve metals and
valve metals alloys, as anodic oxides grown on Al-Ta alloys. Moreover, according to the
second assumption, a drift transport of the photocarriers is postulated to occur in both layers
(no diffusive contribution to the photocurrent), which is reasonable under high electric field

strength.

Anodic film

A
\/

\

Metal Solution

-
.
N\
.
-

Figure 4.13 Schematic representation of a metal/double-layered anodic film/solution junction.

To model theoretically the behaviour of the present system, an expression must be derived of
the collected photocurrent as a function of the wavelength of the incident light, the thickness
of the layers and the electric field strength. In this case, Equation 2.18 was rearranged to get

the following expression of the photocurrent yield:
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In Equation 4.5 andt are mobility and lifetime of the photogeneratedieas (holes, h, and
electrons, e) expressed as in Equation 4.4mgr@d, E) is the generation efficiency (almost
unitary in low defective crystalline phases), muower than 1 as result of geminate
recombination effects in disordered materials at klectrode potentials as discussed in
Section 4.4. Moreover, the incident flugy can be corrected for the reflection at the
metal/oxide/electrolyte interface introducing R,ethotal reflectivity of the junction.
Nevertheless, effects of multiple reflections a¢ tmetal/anodic film/electrolyte interfaces
have been neglected taking into account the coogtah film thickness in the reported
photocurrent measurements. Assumimly << 1 (uniform light absorption throughout the
whole film thickness)utE = Lp (the collection length of the carriers, see Equatl.4), and a
unitary efficiency of carriers generation, Equati@h5 coincides with the Crandall
expressiofi* of the photocurrent for insulating layers in thsence of trapping effects on the
electric field** It follows that the photocurrent yield (or, equiatly, the collected

photocurrent) is the product of a generation term:

G =ng[1 — exp(—ad,,)] 4.6

times a transport term:

utE (_ d0x>] 4.7

The use of the Lambert-Beer law for the G termagract in the present model because
multiple reflection effects on the generation assuaned to be negligible.

For the double-layered structure of Figure 4.18, ¢bllected photocurrent can be calculated
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as the sum of the contributions coming from botfeta, each contribution being the product

of the generation term times the transport term:

Iph = Iph,out + Iph,inn =edy(1— R)[ToutGout + exp(_aoutdox,out) X TinnGinn] 4.8

In this equation, indices “inn” and “out” refer loe inner and to the outer layeespectively;

G and T refer to the generation and transport iaereach layer, given by Equations 4.6 and
4.7, ooy refer to the absorption coefficient of the outegrela given by Equation 2.1%x out
refer to the thickness of the external layer; and doy iS the entire anodic film thickness. Photon
flux impinging the inner layer surface is assum@de@exp(-aout ox,oup-

For non direct optical transitions, as those oceogrin amorphous materials, and after

algebraic manipulation, Equation 4.5 becomes:

(Q X AV)%® = [(ToutGour + exp(—aoutdox‘out) X TinnGinn) X hv]%5 4.9

that will be used for interpolating the experiméuiata.

4.5.2 Fitting of Experimental Data

GDOES elemental depth profile relating to an andithec grown on Al-81at.%Ta up to 50 V
in 0.1 M ABE is reported in Figure 4.14(a). Nitrogis incorporated into the oxide during
anodizing in ammonium-containing electrolyte ant ipresent throughout the whole anodic
film thickness (N signal is weak but present acribgsentire oxide), as discussed before. In
contrast, in the case of pure Ta, anodizing in ABdtices N incorporation only in the outer
part of the anodic films, i.e. in the region at ttvade/electrolyte interface corresponding
roughly to the 70% of the whole oxide thicknéSs.
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Figure 4.14 GDOES clemental depth profiles of (a) anodic film grown to 50 V on Al-81at.%Ta alloy in 0.1 M
ABE; (b) double-layered anodic film grown to 50 V on the same alloy (first anodizing step to 20 V in 0.1 M
ABE and second anodizing step to 50 V in borate buffer).

Moreover, in Figure 4.14(b) the GDOES elemental depth profile relating to film grown on the
same alloy after a first anodizing step in 0.1 M ABE to 20 V and a second anodizing step in
borate buffer to 50 V is shown. N signal shows that such anodic film is composed by two
different layers in series: a nitrogen-containing inner layer and a nitrogen-free outer layer.

The photocurrent spectrum relating to anodic films grown on Al-81at.%Ta to 20 V in borate
buffer (thickness ~ 30 nm, see Table 4.1) is reported in Figure 4.15(a). Through Equation
2.16, it is possible to estimate a mobility band gap of 4.12 eV by extrapolating to zero the (Q
hv)"? vs hv plot, as shown in Figure 4.15(b). This value is slightly lower than that estimated
for anodic films grown on the same alloy but at lower formation voltage (i.e. lower thickness,
see Section 4.3). A reduction of E," with increasing formation voltage has been explained by
an increase in the short range order of the oxide,'*”'?*"**!*? due to the film thickening. A
different photoelectrochemical behaviour is shown by the anodic film grown on the same
alloy with a first anodizing step to 10 V in 0.1 M ABE and a second anodizing step to 20 V in
borate buffer and vice versa (see Figure 4.15(a)). The different growth procedure induces a
strong red shift in the light absorption threshold of the anodic film with the appearance a long

photocurrent tail in the long wavelength region.
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Figure 4.15 (a) Raw photocurrent spectra relating to anodic films grown to 20 V on Al-81at.%Ta alloy, recorded
by polarizing the electrodes at 8 V vs Hg/HgO in 0.1 M ABE. Band gap estimate by assuming non direct optical
transitions for anodic films grown in (b) borate buffer, (c) in 0.1 M ABE to 10 V (first anodizing step) and then
in borate buffer to 20 V (second anodizing step) (ABE — Buffer), (d) in borate buffer to 10 V (first anodizing
step) and then in 0.1 M ABE to 20 V (second anodizing step) (Buffer — ABE).

As confirmed by recording current vs time curves under constant potential and irradiating
wavelength, the photocurrent is anodic at all the investigated wavelengths in agreement with
the measured photocurrent phase angle, which does not change in the investigated photon
energy interval (see Figure 4.16).

The presence of a photocurrent tail in the spectra is evident in the corresponding (Q hv)"? vs
hv plot inducing uncertainty in the estimate of the optical/mobility band gap of the oxide. By
extrapolating to zero the plot of Figure 4.15(c) and (d) in the high energy region, £, = 3.86 eV

can be estimated, which is far from the value estimated for N-free oxide.
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Figure 4.16 (a) Total current circulating under irradiation (on) and in the dark (off) in the oxide grown to 20 V
with Buffer - ABE procedure. (b),(c),(d) Phase angle vs irradiating wavelength relating to photocurrent spectra
shown in Figure 4.15(a).

In Figure 4.17 the photocharacteristics recorded under constant different irradiating
wavelength (A = 270, 330 nm, i.e. hv = 4.59, 3.75 eV) for the films of Figure 4.15, scanning
the electrode potential toward the cathodic direction at 10 mV s™', are compared. As already
evidenced for anodic films on Al-Ta alloys with a Ta content > 42at.%, an inversion of the
photocurrent sign is present as expected for insulating oxides.'”® Sign inversion potential,
Ui, 1 a rough estimate of the flat band potential, Ugp, of the oxide in absence of significant
trapping phenomena. Ui,y 1s ~ - 1.2 V vs Hg/HgO for the anodic film grown in borate buffer,
thus coincident with Upg estimated in previous work.'” Slightly more cathodic values
recorded for double-layered films can be explained by holes trapping into localized states due

to N incorporation.
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Figure 4.17 Photocurrent vs potential curves relating to 20 V anodic films of Figure 4.15. Irradiating

wavelength: (a) 270 nm and (b) 330 nm.

Moreover, photocharacteristics were fitted according to the Pai-Enck model for the geminate

recombination, as discussed in Section 4.4, and the fitting are shown in Figure 4.18.
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Figure 4.18 Photocurrent vs band bending relating to anodic films grown to 20 V with (a), (b) Buffer — ABE
procedure (wavelength: 270 nm (a) and 330 nm (b)) and with (c), (d) ABE — Buffer procedure (wavelength: 270

nm (c) and 330 nm (d)). Solid lines: fitting curves.
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There is a very good agreement between the experimental curves and those simulated
according to Pai-Enck model with the exception of the low band bending region of the
photocharacteristic relating to anodic film grown to 10 V in ABE and then to 20 V in buffer.
In the latter case mismatch between the experimental and the simulated curves at low
electrode potentials (Ug < 2.5 V vs Hg/HgO, see Figure 4.17(b)) can be attributed to the

presence of anodic photocurrent spikes, as shown in Figure 4.19.
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Figure 4.19 Total current circulating under irradiation (on) and in the dark (off) in the oxide grown on Al-81at%
Ta alloy up to 20 V with Buffer — ABE procedure, by polarizing the electrode at -1 V vs Hg/HgO in 0.1 M ABE.

The different photoelectrochemical behaviour of the anodic oxides formed by double
anodizing procedure with respect to those anodized in borate buffer, can be explained taking
into account their double-layered structure, as sketched in Figure 4.20. The anodic films are
both constituted by N-containing and N-free layers. When the first anodizing step is
performed in ABE, the structure of Figure 4.20(a) is expected, whilst if the first anodizing
step is performed in borate buffer the structure of Figure 4.20(b) is expected, which is also
representative of anodic films grown on Ta in 0.1 M ABE, where N is concentrated in the

outer part of the oxide.'"!



The Influence of the Anodizing Bath Composition on the Solid State
Properties of the Anodic Oxides 76

Anodic film

a o] CB
! S |
= T = O =
= 38|28
= |£5|=3
[~}
(> <]
= - LS |
VB
Anodic film
< CB
b5 o
S g5 | £
(=]
2 N [ LS
VB

Figure 4.20 Schematic representations of double-layered anodic films grown on Al-81at.%Ta alloy with (a)
“ABE — Buffer” anodizing procedure and (b) with “Buffer — ABE” anodizing procedure and corresponding
energy band diagrams. LS: Localized States.

The overall films are considered as the series of two layers of different composition so that it
is possible to use Equation 4.9 to simulate the dependence of O on photon energy and, thus,
get a reliable estimate of the optical band gaps of both layers. In Figure 4.21 the experimental
(O hv)"* vs hv plots relating to anodic films grown to 20 V on Al-81at.%Ta alloy by double
anodizing procedures and on pure Ta by anodizing in 0.1 M ABE are reported. The plots,
simulated according to Equation 4.9, almost overlap to the experimental points, suggesting
that the proposed model is effective in simulating the dependence of Q on photon energy for
the investigated double layered films. Fitting parameters are reported in Table 4.6. Since
photocurrent spectra were recorded under high anodic potential (i.e. under very high electric
field strength in the order of MV cm™), N, has been kept constant and equal to 1 in the fitting

procedure.
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Figure 4.21 Theoretical fitting (continuous line), according to Equation 4.9, of the experimental (Q hv)"? vs hv

plots (symbol) relative to anodic films grown on Al-81at.%Ta alloy to 20 V with (a) “ABE — Buffer” anodizing
procedure and with (b)“Buffer — ABE” anodizing procedure and (c) grown on pure Ta in 0.1 M ABE.

Table 4.6 Fitting parameters relating to photocurrent spectra, recorded at Ug = 8 V vs Hg/HgO for the anodic
films grown on pure Ta and Al-81at.%Ta alloy.

Sample Anodizing (MT)N-free / Eg N-free / (MT)N-cont / Eg N-cont /
p conditions em? V! eV em’ V! eV
Single step i
20VpureTa  ~TECSEPI 0% 10 425 8.0x10"° 320
ABE

1* step: ABE 14 -15

4.8 x10 4.22 3.5x10 3.35
20V 2" step: buffer

Al-81at.%Ta 1% step: buffer
2" step: ABE
1* step: ABE

50V 2" step: buffer
Al-81at.%Ta 1% step: buffer
2" step: ABE

55x 10 4.22 3.5x107"° 3.35

48 %107 4.25 2.0x 10 3.45

1.3x10" 4.05 7.0 x 107" 3.52
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It is important to stress that the optical band gap for the N-free layer is almost coincident with
that estimated for the film grown to 20 V in borate buffer (i.e. without any N incorporation).
Moreover, the thicknesses of the N-free and N-containing layer are assumed equal, in
agreement with the increase in formation voltage for each anodizing step (10 V). The products
MT resulted to be strongly different for the N-containing and N-free layers. UT in the order of
10" —10™" cm® V! are derived by the fitting procedures for N-free layers, in agreement with
previous values derived also for other amorphous anodic oxides."* Moreover, for both the
investigated structures (Figure 4.20), mobility of photogenerated carriers in energy states due
to N incorporation is ~ one order of magnitude lower (10™ - 10" cm? V"), thus suggesting a
strong localization of such states.

The same fitting procedure was followed to fit the experimental data recorded for anodic
films grown to 50 V by double anodizing procedure (20 V in 0.1 M ABE and up to 50 V in
borate buffer and vice versa), as shown in Figure 4.22. Also for thicker layers there is a good

agreement with the experimental points and the theoretical expectations according to

Equation 4.9.
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Figure 4.22 Theoretical fitting (continuous line), according to Equation 4.9, of the experimental (Q hv)"? vs hv

plots (symbol) relative to anodic films grown on Al-81at.%Ta alloy to 50 V with (a) “ABE — Buffer” anodizing
procedure and with b) “Buffer — ABE” anodizing procedure.
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All the photoelectrochemical findings support tlat energy diagrams of Figure 4.20 for the
investigated layers. As discussed before, incotporaf N during anodizing of Al-Ta alloys
induces the formation of localized states clostnéovalence band mobility edge of the anodic
oxides. Such states are at the metal/oxide or (leldrolyte interfaces depending on the
anodizing conditions. Under anodic polarizationhatite respect to the flat band potential of
the oxides, bands are upward bended. For >h E;, holes are driven toward the
oxide/electrolyte interface by the electric fieldr@ss the oxide, while electrons are driven in
the opposite direction (toward metal/oxide integfadf photon energy is lower thdg, but
sufficiently high to induce excitation of electrorfsom localized states (due to N
incorporation) to the conduction band, electrons tavel across allowed energy states for
both the investigated double-layered films. In tase of anodic film with a N-containing
outer layer (Figure 4.20(b)) (i.e. second anodizstigp performed in ABE electrolyte),
photogenerated holes can easily migrate towarcoxiee/electrolyte interface allowing for
the photo-oxidation processes (anodic photocurrémtdhe case of N-containing inner layer
(Figure 4.20(a)) the generation term (see Equa#o8) is almost coincident with
Qinndox,innXNg, With ng a function of the electric field existing in thener layer as well as of
the photon energy ¢th> 3.35 eV). In this case, the photogenerated holest gross the outer
layer moving through localized states of the mopiligap before reaching the
oxide/electrolyte interface, lying above the vakeiband mobility edge. Both a Poole-Frenkel
field-assisted emission and/or tunnelling to exézhdtates in the valence band of the external
layer could cooperate in transferring of inner lay#hotogenerated holes toward the
oxide/electrolyte interface. The almost constargdtpburrent at low electrode potentiald:(<

2.5 V vs Hg/HgO, see Figure 4.17(b)) can be attebbuo the dependence of the generation
efficiency on electric field strength across thedexthickness, in the frame of the Pai-Enck
mechanism of geminate recombination as discusdedebe

4.6 Concluding Remarks

The choice of the composition of anodizing bathvésy important since it can strongly
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influence the morphological and solid state prapsrof the anodic oxide layers. In the case
of mixed highk Al-Ta oxides, anodizing in ammonium biborate el@gte, with a suitable
bath pH, leads to the incorporation of N specids ithe oxides that change the optical
response of the oxides and, thus, could lead ttramtental effect in terms of leakage current
and dielectric properties.

According to GDOES compositional depth profilesjnidorporation is extended throughout
the whole Al-Ta oxides thicknesses nevertheless ghesence of N does not change
appreciably the impedance of the oxides, as suggdelsy the comparison between the
impedance spectra and the differential capacitancees related to anodic oxides grown in
ammonium-free and ammonium-containing solutions. dontrast, N incorporation
significantly changes the photoelectrochemical bigha of the anodic films grown on Al-Ta
alloys with the Ta content > 20 at%. A red-shift tbe light absorption threshold of the
investigated layers was evidenced, which is atteduto the optical transitions involving
allowed states inside the mobility gap of the films

The dependence of photocurrent on photon energytlamdelectric field strength in the
framework of Pai—-Enck model for geminate recombamatsuggested that incorporation of
nitrogen induces the formation of allowed localiztates. Such states are close to the valence
band mobility edge, since they do not contributéheomeasured impedance up to a very low
frequency of the a.c. signal (0.1 Hz) and sinceg tihe not affect the Fowler threshold for the
internal electron photoemission phenomena.

This N incorporation result was also exploit towranodic oxides by a two-step anodizing
procedure in ammonium-free and ammonium-contairsayitions in order to induce the
formation of double layered films constituted by cbiRtaining and N-free layers, as
confirmed by GDOES compositional depth profileseTghotoelectrochemical behaviour of
these films was compared to that of anodic oxidesndorm composition. The dependence
of photocurrent yield on photon energy under carisédectric field (i.e. constant electrode
potential) was modelled considering their doublestad structure and the different optical

band gap and transport properties of the two s&ess.
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The model allows for a precise estimate of theoaptband gap of the N-free layers, which
can be underestimated by neglecting the presenaepbfise with a lower optical band gap,
i.e. N-containing layer. The model was also sudadigsemployed for N-containing anodic
films grown on pure Ta and can be also used to imddeble-layered oxide films very

common in passivity and corrosion studies.
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5 Growth of Anodic Hf Oxide as a Function of the
Anodizing Conditions

Among many high dielectric constant materials, kifle is surely one the most studied in the
last years being the material that replaced,%i©gate dielectric in CMOS-based and logic
devices****"to be used in MIM capacitors for DRAM memorfé$,and also as solid
electrolyte in ReRAM device¥:"®**9For both technological applications, compact, omif
and flat oxides are necessary in order to reduakgtility of oxide failure. Since Hafnium is

a valve metal, anodizing can be an efficient teghaito prepare HfOlayers of controlled
thickness, as recently proposed by Hassel and ckensd*****

The anodic films growth mechanism has been extehsstudied in the past starting from
earlier seminal work of 1961 by Yourg,where the high field conduction model was
proposed to describe the anodizing process, agsdied in Section 2.1.1. Cations and anions
carry ionic current in a percentage directly projol to their transport number and it is
well known that ionic current during anodizing of @nd Hf is almost entirely sustained by
anions migration, less than 5% being carried byameations® A survey of the already
published works on Hf anodizing revealed that anfgw papers have addressed the study of
the kinetic of growth of anodic oxidé¥,***reporting kinetic parameters far from each other.
In order to study how the anodizing parameters daange the properties of the anodic
oxides, Hf rod was anodized up to 5 V vs Ag/AgClammonium biborate and sodium
hydroxide aqueous solutions potentiodynamicallgeateral constant potential scan rates (see
Sections 3.1.1 and 3.2). This study was also usefutheck if the dependence of the
anodizing current density on the electric fieldesgth across the growing oxide is well
described by thhigh field modeldiscussed in Section 2.1.1.

Electrochemical impedance measurements were aifarped in order to get information on
the electrical properties of the anodic films amdtlee dielectric constant as a function of the
growing conditions. The investigation is also supgpd by photoelectrochemical
measurements allowing to get information on thergetee of the metal/oxide/electrolyte

interface and the presence of defects on the ostig®scan induce the presence of allowed
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localized states inside the mobility gap of HfO,, that can induce oxide instability and leakage

current.

5.1 Anodizing Behaviour

Mechanical polished Hf was anodized in 0.1 M ABE and 0.1 M NaOH potentiodynamically at
several constant scan rates (ranging from 2 mV s’ to 1 V s'). In Figure 5.1 the

potentiodynamic curves recorded at all the scan rates in both the electrolytes are reported.
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Figure 5.1 Current density vs electrode potential curves relating to Hf anodic film grown potentiodynamically in
(2) 0.1 M ABE and (b) 0.1 M NaOH.

During the forward scan, current suddenly increases and reaches an almost constant plateaux
value, while it decreases rapidly during the reverse scan as expected for valve metals.'
However the current density during potentiodynamic anodizing in NaOH solution is higher
than that measured in ABE.

Under high field regime, dox and circulated charge g are linked by the Faraday’s law
(Equation 2.7). The latter can be arranged to show the relationship between the electric field

strength, E, across a growing anodic oxide, and growth rate, dV7/d¢, as follows:
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dV_ iEMW1 51
ac !

ZFp;

wherei is the measured current densM) is the molecular weight of the growing oxide
(210.5 g mot'), z = 4 the number of electrons circulating per mdidoomed oxide,F the
Faraday’s constanp, the oxide density (9.68 g ¢f), r the roughness factor (expressed as the
ratio between the real and the geometrical surjearedy the growth efficiency (expressed by
Equation 2.6).

Equation 5.1 allows calculating for each scan the&e corresponding electric field strength,
provided thatr andn are known. A roughness factor ©f1.2 was estimated comparing the
growth curves relating to mechanical polished Hl aputtering-deposited Hf, whose surface
is flat at the nm scale.

Concerning the growth efficiency, H§Os reported to be chemically stable for pH4*
even if some authors report that hafnium oxidesali@s in strongly alkaline solutioh¥.If a

growth efficiencyn equal to 1 is assumed, according to Equations55:44.7 MV cm* andE
= 4.3 MV cm* for anodizing Hf at 20 mV $in 0.1 M ABE and 0.1 M NaOH respectively.
From the electric field strength it is possible dstimate the anodizing ratio, A, i.e. the

reciprocal of the electric field strength, provigimn estimate of film thickening per each

applied volt. Therefore, a thicker layer is expddi@grow in NaOH.

5.2 Photoelectrochemical Measurements

Anodic photocurrent spectréJ¢ = 3 V vs Ag/AgCI), relating to 5 V anodic filmsawn in
both 0.1 M ABE and 0.1 M NaOH electrolytes at 10 s/ are reported in Figure 5.2(a).
The dependence of photocurrent on irradiating phot@velength is not influenced by

anodizing electrolyte.
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Figure 5.2 Anodic photocurrent spectra (a) relating to anodic films grown on Hf in ABE and NaOH, recorded by
polarizing the electrodes at 3 V vs Ag/AgCl. Band gap estimate by assuming indirect optical transitions relating
to the same anodic film grown in (b) ABE and (c) NaOH.

From photocurrent spectra (see Section 2.2), it is possible to estimate £, value of the
investigated anodic films according to Equation 2.16, resulted to be 3.25 eV by extrapolating
to zero the (Zon hv)" vs hv plot with n = 0.5 (shown in Figure 5.2(b) and Figure 5.2(c)).

This value is significantly lower than the band gap reported in the literature for HfO, (5.1 -
6.1 eV)"* ! thus suggesting that the measured photocurrent is due to optical transitions
involving allowed localized states inside the mobility gap of the oxide. Their origin,
concentration and energy distributions have been extensively studied, due to the large interest

on the electronic properties of hafnia in view of its possible application in MOS-based
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devices****'They can be present even in a perfect crystalcamsequence of the potential
well created in a perfect crystal by lattice pdation induced by the carriers themselfés.
According to theoretical studies based on statgr@gch and density functional theory, hole
and electron polarons create localized states dosthe valence and conduction band
edges**** Localized states can be also generated by stalafiefects that, in the case of
HfO,, are mainly oxygen vacancies in different chatgées. Oxygen vacancies in hafnia can
be double or single positively chargedo(V, Vo), neutral (\&*), and single or double
negatively charged Y, Vo), depending on the number of trapped electfoh$’On the
basis of theoretical calculations of the formatsmergy of each defect, the dominant defect is
expected to be ¥. The transition energy from the states generatgdabsignificant
concentration of single negatively charged oxygemawcies to the conduction band is
reported to be 3.2 eV by different authbt$:*°This energy value is almost coincident with
that estimated from Figure 5.2, thus suggestingdhmation of an oxygen deficient hafnium
oxide during the anodizing process in both solidhis noteworthy to mention that it is not
possible to record photocurrent due to opticalditeans involving electrons from the valence
band to the conduction band, since the experimesgtlp employed has a very poor
efficiency at short wavelengths (200 — 230 nm),sthaeing very difficult to reveal
photocurrent at the corresponding photon energy.

Dependence of photocurrent on applied electrodenpial, i.e. electric field strength across
the anodic film, was also studied under constaatiating energy. As shown in Figure 5.3 for
irradiating wavelength equal to 280 nm, by scanrtirgelectrode potential downward at 10
mV s*, photocurrent changes from anodic to cathodispggested by the photocurrent phase
angle (not reported) and as expected for an inaglaixide, where the photocurrent sign
depends on the direction of the imposed electetd fstrength. i.e. on the potential with
respect to the flat band potentiblzs. Therefore, the zero photocurrent potential presid
rough estimate of the flat band potential of thedexIn wide band gap oxides, as Hf@he
inversion potential is usually more anodic thanftaeband potential due to the occurrence of

recombination phenomena involving photo-generatéettr®n-hole pairs at low band
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Figure 5.3 Photocharacteristics relating to the 5 V anodic oxides grown in ABE and NaOH, recorded at A = 280
nm in 0.1 M ABE by scanning the electrode potential at 10 mV s

Photocurrent spectra at a potential below the Upg (i.e. = 1 V vs Ag/AgCl) were also recorded,
as shown from the /;, vs. wavelength curves in Figure 5.4 for oxides grown in both 0.1 M
ABE and 0.1 M NaOH. At this cathodic potential, a photocurrent tail appears in the long
wavelength region of the spectra, as shown in Figure 5.4(b) (UV filter was used to avoid
photocurrent doubling effects).

As already found for other valve metals oxides and also reported for anodic films on
sputtering-deposited Hf, such photocurrent can be attributed to photoemission phenomena,
involving electrons of the metallic Hafnium promoted to the conduction band of the oxide. In
such a case, the dependence of I, on photon energy is described by the Fowler’s law
(Equation 2.21) and Ey, resulted to be ~ 2.15 + 0.1 eV, independently on anodizing electrolyte
composition and on anodic growth scan rate, in agreement with previous experimental

126
results.
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Figure 5.4 (a) Cathodic photocurrent spectra relating to the oxides grown on Hf in ABE and NaOH recorded at -
1 V vs. Ag/AgCl. (b) Long wavelength region of the photocurrent spectra, recorded by using a UV filter. Fowler
plots relating to the oxides grown in (¢) ABE and (d) NaOH.

During the anodizing of other valve metals in ammonium-containing solutions, such as ABE,

. . 111,112
N 1incorporation occurs

provided that the pH of the anodizing bath is higher than the pH
of zero charge of the oxides as discussed in Section 4 for mixed Al-Ta anodic oxides.

N incorporation induces the formation of allowed localized states close to the valence band
edges of the anodic oxides. Even though the pH of zero charge of HfO, is lower than 9 (pHp,.
= 7.1),"*! the anodic films grown in ABE have the same photoelectrochemical behaviour of
anodic films grown in 0.1 M NaOH. Therefore, it is possible to state that N incorporation does

not occur appreciably in the case of Hf and/or the corresponding localized states are very
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close to valence band edge and do not induce aapmgehin the photoelectrochemical
behaviour of the oxide.

The same photoelectrochemical characterizatiorbbas performed for anodic films grown
on Hf at different scan rates. In Table 5.1 theiltesobtained for films formed in 0.1 M ABE

are summarized, confirming that the photoelectroubal behaviour is almost independent of

the growth rate.

Table 5.1 Optical transition Eg"p‘) and threshold energi() for Hf anodic films grown at different scan rates

0.1 M ABE.
Growtrr;l \s/cg[l rate / ES P/ eV Ew, / eV
2 3.21 2.10
10 3.25 2.25
50 3.26 2.13
1000 3.19 2.25

5.3 Impedance Measurements

In Figure 5.5 electrochemical impedance spectraegerted in the Bode representation (i.e.
impedance modulus and -phase angle vs frequeragjing to anodic oxides grown on Hf in
both 0.1 M ABE and 0.1 M NaOH electrolytes, recar@eUg = 3 V vs Ag/AgCl, i.e. under
potential higher than the oxides flat band poténtia

The impedance spectra can be very well simulatetthdlectrical circuit shown in the inset
of Figure 5.5(b), consisting d%,, accounting for the electrolyte resistance, inesewith a
parallel betweerR,,, representative of the oxides resistance, @udintroduced to model
oxide capacitance. Fitting parameters are repantédble 5.2.
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Figure 5.5 EIS spectra relating to Hf anodic films grown in ABE and NaOH electrolytes, recorded at 3 V vs
Ag/AgCl in 0.25 M Na,HPO,. (a) Impedance modulus, (b) -phase angle. Inset: electrical equivalent circuit
employed to model the metal/oxide/electrolyte interfaces.

Table 5.2 Fitting parameters relating to EIS spectra of 5 V Hf anodic oxides, grown in ABE and NaOH, using
equivalent electric circuit of Figure 5.5(b).

Anodizing Ug / Ra/ Rox/ Qox / I
electrolyte V vs Ag/AgCl Q cm’ Q cm’ Ss"em?
3 8 9.61 x 10° 1.78 x 10 0.982
0.1 M NaOH 6 %
-1 8 3.86 x 10 1.93 x 10 0.974
3 8 2.07 x 10° 1.73 x 10 0.985
0.1 M ABE . “
-1 8 1.13x 10 1.85 x 10 0.977

The very high R, values as well as the CPE exponent n close to 1 suggest that anodic oxides
behave almost like pure capacitors, as already reported for anodic films grown on valve
metals.'*'? It is noteworthy to mention that R,y for the film grown in ABE is slightly higher
than that estimated for the anodic oxide grown in NaOH, thus suggesting the formation of a
less defective oxide at pH = 9. EIS spectra at potential lower than Urg (see Figure 5.6) were
also recorded and, notably, they were very similar to the high potential EIS spectra, as also

confirmed by the fitting parameters reported in Table 5.2.
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Figure 5.6 EIS spectra relating to Hf anodic films grown in ABE and NaOH electrolytes, recorded at - 1 V vs
Ag/AgClin 0.25 M Na,HPO,. (a) Impedance modulus and (b) -phase angle.

The EIS spectra recorded for anodic oxides grown at different scan rates are very similar to
those reported in Figure 5.5 and Figure 5.6, thus suggesting that the impedance of the film is
not significantly influenced by the growth rate in agreement with the photoelectrochemical
findings. This is confirmed by the fitting parameters of the EIS spectra under anodic
polarization (Ug = 3 V vs Ag/AgCl) and cathodic polarization (Ug = — 1 V vs Ag/AgCl)
reported in Table 5.3 and Table 5.4.

In Figure 5.7 differential measured capacitance curves, recorded by sweeping electrode
potential from 3 to — 0.8 V vs Ag/AgCl, are reported. For anodic oxides grown in both ABE
and NaOH electrolytes at all constant a.c. signal frequencies (i.e. 10 kHz, 1 kHz and 100 Hz),
capacitance is almost independent of electrode potential and slightly dependent on frequency,
as expected for defective insulating oxides.'” However, the measured capacitance was
slightly different, with a higher value measured for the anodic oxide layer formed in alkaline

solution.
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Table 5.3Fitting parameters relating to EIS spectra, reedrat 3 V vs Ag/AgCl, of 5 V Hf anodic oxides,
grown in ABE at different scan rates, using equnéklectric circuit of Figure 5.5(b).

Growth scan rate / Rel / Rox / Qox /
mV st Q cn?? Q cn? S dcm? n
2 8 1.69 x 10 1.69 x 10 0.986
5 8 1.01 x 16 1.77 x 16 0.986
20 8 1.38x10  1.78 x 10 0.984
50 8 136 x10  1.85x 10 0.977
100 8 957x10  1.85x 10 0.984
200 8 1.37x10  2.20x 10 0.979
500 8 9.68x10  2.00 x 1 0.983
1000 8 991x10  2.13x1¢ 0.980

Table 5.4Fitting parameters relating to EIS spectra, reedrat - 1 V vs Ag/AgCl, of 5 V Hf anodic oxides,
grown in ABE at different scan rates, using equnéklectric circuit of Figure 5.5(b).

Growth scan rate / Rel / Rox / Qox /
mV st Q cn?? Q cn?? S dcm? n
2 8 1.99 x 10 1.83 x 1¢F 0.977
5 8 413 x 10 1.90 x 10 0.978
20 8 1.75x 10  1.90 x 1 0.976
50 8 259x10  1.98 x 1 0.970
100 8 6.63x10  1.92 x1C 0.981
200 8 1.35x10 222 x 10 0.980
500 8 6.63x10 214 x1C 0.975
1000 8 1.28x 10  2.38 x 10 0.968

Assuming that the oxide can be modelled as a simpplallel plate capacitor, the oxide

capacitance can expressed through Equation 4.kc#émabe also written, by considering the
roughness factor, as:

gggT

2
COX - d 5
ox
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Assuming that dielectric constant of HfO, is 19,"° it is possible to estimate the oxide
thickness from Equation 5.2 once the measured capacitance has been corrected for the

Helmholtz double layer capacitance (i.e. 20 pF cm ?).
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Figure 5.7 Measured series capacitance relating to 5 V Hf oxides grown in 0.1 M ABE and 0.1 M NaOH. A.c.
signal frequencies: (a) 10 kHz, (b) 1 kHz and (c) 100 Hz.

To reduce the contribution to the capacitance arising from localized states inside the gap,'®
the capacitance measured at 10 kHz was used to estimate the oxides thicknesses that are

reported in Table 5.5 and result do not differ significantly.



Growth of Anodic Hf Oxide as a Function of the Anodzing Conditions 94

Table 5.50xide thicknesses calculated according Equatidrabd 5.4.

Anodizing dox,cap/ dox,sim/
electrolyte nm nm
0.1 M NaOH 12.5 12.6
0.1 M ABE 12.9 12.4

5.4 Mechanism of Anodic Oxide Growth on Hafnium

The experimental results reported in Sections 5.2, and 5.3 allowed insight into the
mechanism of anodic oxide growth on Hafnium.

The growth of anodic films on valve metals (of whiklf is an example) is presented as a
problem of ionic conduction at high electric fiedttength, complicated by the occurrence of
transfer processes at the metal/oxide and oxiderelgte interface$? The main assumption
of the high field modelis that anodic oxide growth is sustained by hogph mobile ions
acquiring energy from thermal agitation plus thelega electric field sufficient to jump
across the potential barrier and reach the nexesloavailable site. Following Verwey, the
movement of ions within the film is the rate detamimg step for the overall growth process,
while Mott and Cabrera assumed as rate limiting site entry of oxidized metal ions at the
metal/film interface (see Section 2.1.1).

Regardless of the step controlling the overall ghopwrocess, according to the high field
mechanism, an exponential dependence of the cudessityi on the electric field strength is

expected, according to the Equation 2.4, that eaal$o expressed as:

qaa(Ug — Ugp) 5.3
kgTd,,

[ = igexp

In Figure 5.8 the logarithm of the plateau curensities (averaged from at least 3 runs) as a
function of electric field strength is reportedyiged by anodizing Hf in 0.1 M ABE and 0.1

M NaOH, corresponding to different employed scaesand derived according to Equation
5.1.
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Figure 5.8 Tafel plot relating to Hf anodizing processes in 0.1 M ABE and 0.1 M NaOH.

A linear dependence of In i on E supports the ability of the high field model in describing the

anodizing of Hf. Electric field strength between ~ 3 and 5.8 MV ¢cm ' was estimated as a

function of the growth rate, comparable with previous values reported in the literature.**'#%'%*

From the linear fit of this plot, it is also possible to calculate the parameters describing the
kinetic of growth of the anodic oxides, iy and aa. By assuming ¢ = 2x1.6x10 " C, since

2836 anodic films growth for hafnium is

according to previous results reported in the literature
almost entirely sustained by migration of O, while Hf*" ions are almost immobile with a
transport number < 0.05. From the slope of the best fitting line a half-jump distance of 3.8 A
was estimated, whilst an activation energy of 1.1 eV was estimated from the intercept for the
anodizing process of Hf in 0.1 M ABE. A half-jump distance of 3.3 A and an activation
energy of 1.0 eV were estimated relating to Hf anodizing in 0.1 M NaOH. aa well compares
to the activation distance reported by Young® and with hopping distances calculated

theoretically,'®® while it is far from other values reported in literature (that are significantly

lower than the value expected according to the lattice parameters of m-HfO,, which is the
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more stable hafnia polymorph at room temperattrey?

The estimated barrier height was compared withrothkies reported in the literature and it
was in very good agreement with the value repobedoung® as well as with the value

calculated theoretically by density functional thel3®> Notably, in the latter work, the authors
have also calculated the energy barrier for oxygaoancy hopping, which is strongly
dependent on the direction of motion, ranging fr@ad7 meV along the <001> direction to
2814.79 meV along the <010> direction. The valussrated according to Figure 5.8 fall in
this energy range.

The estimated kinetic parameters were used to atmuhe potentiodynamic curves for the
anodizing of Hf at 20 mV $in 0.1 M ABE and in 0.1 M NaOH following the prahee

described in literaturf®*®” The oxide thickness has been estimated accordinghe

following equation™®’

5.4

MW [ MW [
don = dot = [ frormde = do + = [ i

with dp the thickness of the air-formed oxide film.nfis assumed to be constant, the film
thickness can be computed by an iterative spreatisbéution of Equations 5.3 and 5.4.
As shown in Figure 5.9(a), there is a very gooceagrent between the experimental and the

simulated curves assumidg= 15 A, ~ 1 andUrg =— 0.8 V vs Ag/AgCI.
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Figure 5.9 Experimental (symbols) and simulated (according to Equation 5.3, continuous lines) current density
vs electrode potential curves relating to Hf anodic films growth in (a) 0.1 M ABE and in (b) 0.1 M NaOH.
Growth scan rate: 20 mV s ™.

Moreover, the oxide thickness estimated according to Equation 5.4 is almost coincident with
that estimated from the capacitance. When the anodizing is performed in NaOH according to
the kinetic parameters derived from Figure 5.8, assumption of n ~ 1 does not provide a good
agreement between the thickness estimated from the capacitance and that estimated according
to Equation 5.4. It is necessary to consider 1 < 1 and use oa and W derived from the growth
curves recorded in ABE, where anodizing occurs at 100% efficiency. An efficiency of ~ 91%
allows improvement of the fitting of the i-Ug curve, as shown in Figure 5.9(b). The thickness
of the anodic oxide grown to 5 V vs Ag/AgCl in NaOH is very close to that estimated from
the capacitance (see Table 5.5).

To get more insight into the phenomena responsible of an efficiency < 1, the oxide
capacitance during potentiostatic polarization at 3 V vs Ag/AgCl in NaOH was measured. As
shown in Figure 5.10, a current density of 0.3 pA cm > was measured during the 1% hour of
polarization, but it became negligible for longer times. The capacitance (and consequently the
oxide thickness) measured after each step of potentiostatic polarization (see Figure 5.10)
remains almost constant, thus suggesting that the current is employed for oxide repairing

and/or for oxygen evolution reaction.
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Figure 5.10 Capacitance (blue bars) and current density measurements vs time during potentiostatic polarization
at Ug =3 V vs Ag/AgCl relating to Hf anodic oxide grown in 0.1 M NaOH at 20 mV s,

All the experimental findings can be used to sketch the energetic of the

metal/oxide/electrolyte interface, as depicted in Figure 5.11. In order to position the energy

levels of Hf anodic oxide, it is necessary to know Hf work function (3.9 e¢V)"** and it is
possible to set the oxide Fermi level, B¢, according to the following equation:'®?
Elgx = _lelUFB + |e|Uref 5.5

in which Uk is the potential of the Ag/AgCl reference electrode with respect to the vacuum

168
scale.
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Figure 5.11 Approximate sketch of the energetic levels of metal/oxide/electrolyte interface for anodic films
grown on Hf. Dotted arrow: energy interval in which valence band edge can be placed according to the literature.

The charge transfer for the oxygen evolution reaction at oxide films is usually explained in

terms of electron tunnelling.'®® After the early stages of the anodizing process when oxide

with thickness is > 2 nm, direct tunnelling is not probable, while it is likely that tunnelling

occurs through localized states. The latter are transient states produced as a consequence of

the mobile ions responsible of oxide growth and/or states generated by the presence of defects

(for instance oxygen vacancies).

The more negative equilibrium potential for O, evolution reaction in alkaline solution (and,

thus, the higher available overvoltage) can account for the presence of a larger electronic

current dissipated during the oxide formation in NaOH with respect to ABE.
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5.5 Concluding Remarks

Anodic films were grown to 5 V vs Ag/AgCIl on meclal polished Hf in 0.1 M ABE and
0.1 M NaOH potentiodynamically at different scantesa The photoelectrochemical
characterization revealed that band gap, flat bamigntial and Fowler threshold are not
significantly influenced by the anodizing electitelyas well as by the growth rate. Optical
transitions from allowed localized states inside ttand gap of the anodic oxides to the
conduction band were indicated, and are assocveitbdthe presence of oxygen vacancies in
the anodic oxide films. The conduction band edgs Wweated at -1.75 eV with respect to the
vacuum, according to the estimated Fowler threshidie¢ impedance measurements allowed
the conclusion that the oxides behave as insulatiatgrials and are highthin films, with
dielectric constant of 19.

The dependence of the anodizing current on the thromte was studied in the frame of the
high field modelAnodizing in ABE proceeds at high efficiency wah activation energy of
1.1 eV and an activation distance of 3.8 A, whioh physically reasonable if compared with
other results reported in the literature. The ariadi in alkaline solutions occurs at lower
efficiency due to the presence of oxide dissolutmrenomena and/or oxygen evolution
reaction.

The experimental findings provided the energetithef Hf/anodic HfGQ/electrolyte interface,

which is crucial to evaluate any technological &agtion of the oxide.



Growth of Anodic Oxides as a Function of the MetaSubstrate
Composition: Hf-Nb Mixed Oxides 101

6 Growth of Anodic Oxides as a Function of the Metal
Substrate Composition: Hf-Nb Mixed Oxides

High-k dielectrics play an essential role in DRAM memsrand CMOS logic applications.
With the further scaling of the dimensions of meynand logic devices, a suitable high-
material has to be chosen with a mandatory req@neninigh dielectric constant for DRAM
devices and high band gap CMOS logic applications.

HfO, is surely one of the most studied and employetkcliec material but several attempts
can be found in the literature aimed to enhanceligkectric constant, e.g. by stabilizing at
room temperature hafnia polymorphs (i.e. cubic tatchgonal) which have a highemwith
respect to monoclinic phas€.Mardare et at’* showed that anodizing of Hf-33at.%Nb alloy
allows to grow thin oxides (14 nm thick) with a lédetric constant higher than that of pure
HfO,. Therefore, preparing mixed oxides can be a priogpistrategy to fabricate materials
with enhanced properties with respect to anodid@sxigrown on pure partner metals. For
instance, anodizing Hf-Nb alloys can be a valualnid facile route to prepare higlexides
since the very high dielectric constant value ofepNbOs.*** However, in any electronic
device, the leakage current must maintain very\atues, in the order of A cm? (in solid

state devices) and the equivalent oxide (dielgdtnickness (EOT), estimated as:

€sio, 6.1

gox

EOT = d,,

is required in the sub-nanometer range.

Anodizing of Hf proceeds differently with respect Wb. For Hafnium the growth of the
anodic oxide is mainly sustained by inward mignatad OF ions from the oxide/electrolyte
interface to the metal/oxide interface, since tfmgport number of Hf is 0.05, and the
corresponding anodic oxides are crystalifi€®. Moreover, for high formation voltage
electronic current circulates across the oxidejilepto Q evolution, whose presence can be

detrimental for a possible application of Hf@s dielectric. In contrast, MDs grows due to
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¥72and G ions,

the simultaneous migration of Rib(whose transport number is 0.24-0%7
and the corresponding anodic layers are amorpfitié with no appreciable electronic
current even at high formation voltages.

In the attempt to prepare high performances dietscof different thicknesses, the solid state
properties of anodic films grown on sputtering dafeml Hf-Nb alloys to several formation
voltages (up to 100 V), i.e. thicknesses, werestigated. In particular, pure Hf, pure Nb and
Hf-Nb alloys of several compositions (4, 19, 39, 6 at.%0Nb) were deposited by magnetron
sputtering on glass and alumina substrates (sedoe8.1.2). The samples were then
anodized to different voltages (5, 10, 20 and 1Q0p¥tentiodynamically (thin films) and
galvanostatically (thick films) in 0.1 M ammoniunemtaborate and ammonium biborate
electrolytes. Transmission electron microscopy @nalzing incidence X-ray diffraction were
employed to study their structure as a functiorNb ratio and, thus, of the composition of
metallic substrate to evidence the formation of st@aline or amorphous films.
Photoelectrochemical measurements were performstlitty the solid state properties of the
oxides (band gap, flat band potential, conductityge). Impedance measurements coupled
with withstand voltage and leakage current estimatere carried out in order to have a
comprehensive view of the dielectric propertieshef layers.

6.1 Oxides Growth Kinetics

\Voltage vs time curves recorded during anodizing.th M ammonium pentaborate at 5 mA
cm? are shown in Figure 6.1(a) for Hf-rich oxides 39at.%Nb) and Figure 6.1(b) for Nb-
rich oxides £ 57at.%Nb). Regarding pure Hf oxide growth, theiahislope of the curve is
1.57 V &', close to that reported for the anodizing of hadmiin ABE electrolyté?® For
voltage higher than 60 V, theviit slope decreases due to the onset of oxygen ewoluti
reaction with a consequence decrease in growttiefty.

More abundant oxygen evolution is detected durimg ¢lectrochemical oxidation of Hf-
4at.%Nb alloy with a deviation of the curve fronetlnearity starting at 35 V and with a

slower voltage rise up to 100 V with respect toepdfO, growth.
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Figure 6.1 Voltage vs time curves of anodizing sputtering deposited (a) Hf and Hf-4at.%Nb, Hf-19at.%Nb, Hf-
39at.%Nb alloys and (b) Hf-57at.%Nb, Hf-76at.%Nb alloys and pure Nb at 5 mA cm™ in 0.1 M ammonium
pentaborate.

This is an indication of a strong reduction of growth efficiency due to the occurrence of
electrochemical processes other than film growth. A careful inspection of the growth curve of
anodic film on Hf-4at.%Nb reveals a change in the slope from 1.34 V s (up to 20 V) to 1.55
V s (between 20 and 35 V) before the onset of oxygen evolution. This change is supposed to
be related to the formation of an outer amorphous layer detected in the TEM image related to
50 V anodic film on this alloy (see below).

Curve slope markedly changes also during the growth of anodic films on Hf-19at.%Nb alloy
in which the formation of an outer amorphous layer is also detected from TEM observations.
Regarding Nb-rich anodic oxides, Figure 6.1(b) shows that the curves are linear during the
entire growth time regardless of alloy composition and the slope decreases from 1.43 V s’
(Hf-57at.%Nb) to 1.38 V s (pure Nb oxide), in agreement with growth curves slope already
reported for the anodizing of pure Nb.'™ Growth efficiency associated to these Nb-rich oxides

is close to 1 due to the absence of Faradaic process during the film thickening and to the
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negligible dissolution rate of pure Hf and Nb oxides at electrolyte pH.

6.2 Grazing Incidence X-Ray Diffraction Characterization

Anodic oxides grown to 100 V on pure Hf and Hf-rich alloys (up to 39 at.%Nb) are crystalline
as shown by XRD patterns reported in Figure 6.2 whilst anodic films formed on Nb-rich
alloys (57 and 76at.%Nb) and pure Nb are amorphous. Regarding pure HfO,, monoclinic
crystalline phase but also tetragonal and cubic phases are present in the anodic film. The
former phase is usually reported as thermodynamically stable at room temperature, whilst the

latter are stable at high temperatures.'”
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m (111)
¢ (022)/t(220)
m

e (111)/ t (111)

HfO,
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Figure 6.2 Grazing Incidence X-Ray Diffraction patterns of the oxides grown to 100 V on Hf and Hf-4at.%Nb,
Hf-19at.%Nb, Hf-39at.%Nb alloys.

By adding 4at.%Nb to pure HfO,, the three crystallographic phases are maintained with the
monoclinic phase peak associated to (111) plane being the most intense. A further increase of
Nb content in anodic oxides leads to the disappearance of the monoclinic phase peak with
increasing in intensity of cubic (111) / tetragonal (111) peak'’®'”” and to a small shift toward

higher 26 of monoclinic peak at 64.72°. The XRD patterns relating to Nb-rich and pure Nb
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anodic oxides disclose peaks associated only to the cubic crystal structure of metallic
substrates (not shown) without peaks relating to possible crystalline features of the oxides,

therefore it is possible to conclude that Nb-rich oxides are amorphous.

6.3 Transmission Electron Microscopy Observations

Microstructure and thickness of anodically grown oxides were also studied by TEM
observations. In Figure 6.3 ultramicrotomed sections of 100 V anodized pure Hf and Nb and

Hf-Nb alloys (containing 4, 19 and 57 at.%Nb respectively) are shown.

210 nm

Figure 6.3 Transmission electron micrographs of ultramicrotomed sections of (a) pure Hf, (b) Hf-4at.%Nb, (c)
Hf-19at.%Nb, (d) Hf-57at.%Nb and (e) pure Nb anodized at 5 mA cm 2 in 0.1 M ammonium pentaborate.

Nb-rich (> 57at.%Nb) oxide films and pure Nb oxide present completely featureless due to
their amorphous nature and appear to be uniform in thickness. Anodic film thickness is almost
constant in this range of composition varying from 220 nm for the oxide grown on Hf-

57at.%Nb alloy to 230 nm for pure Nb,Os. The latter leads to an anodizing ratio of 2.3 nm V°
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! in agreement with previous results reportedteraiture’”*

In contrast, pure Hf oxide appears nanocrystalite a growth efficiency lower than 1 due
to oxygen evolution during anodic film growth presdrom~ 60 to 100 V (see above). This
result is largely expected since it is already reggbin literature that anodic films grown on
Hf or on Zr are usually crystallif&*® whilst anodic oxides grown on Nb are usually
amorphous/®*"*The structure of anodic film grown on Hf-4at.%NHkog up to 100 V is
different with respect to pure Hf oxide since itigt uniform in thickness and it is rough at
both metal/film and film/electrolyte interfaces.rthermore, several cracks are evident in the
middle part of the oxide due to a very abundantgexyproduction during the growth starting
from ~ 35 V1'®

In order to better understand how the anodic fitmmcure evolves during the growth, high-
resolution transmission electron micrographs of Eil@ss sections of the oxide grown on Hf-
4at.%Nb up to 20 and 50 V were also performed Fsgere 6.4).

As shown, the 20 V anodic oxide is already nandatlyse (the analysis of the fast Fourier
transformation image shown in the inset of Figull§ reveal the presence of a monoclinic
phase) with a good uniformity in thickness withanly crack inside it. The oxide thickness is
53 nm, i.e. the anodic film thickens of 2.65 nrif \Mp to 20 V. The structure of 50 V anodic
film is slightly different (see Figure 6.4(c) andyére 6.4(d)) with a thin amorphous outer
layer with same composition with respect the innanocrystalline layer (as shown from
EDXS elemental map of the specimen shown in Figusg and a thickness of 110 nm, i.e. an
anodizing ratio of 2.2 nm V lower than that associated to 20 V anodic filmisTtesult
confirms that, due to the onset of oxygen evolutieaction, the growth efficiency decreases

during the film formation on Hf-4at.%Nb alloy.
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Figure 6.4 High-resolution transmission electron micrographs of cross sections of the oxide grown on Hf-
4at.%Nb to (a),(b) 20 V and (c),(d) 50 V in 0.1 M ABE.

Similar structure is revealed by TEM micrograph of ultramicrotomed cross section of 100 V
anodic film grown on Hf-19at.%Nb (see Figure 6.3(c)). An amorphous layer is present at the
film/electrolyte interface but no cracks are visible inside the oxide since no oxygen evolution
reaction occurs during the growth. From TEM inspections of anodic oxides, a crystalline-
amorphous transition takes place by increasing Nb content in metallic substrate in agreement

with GIXRD patterns.
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Figure 6.5 High angle annular dark field transmission electron micrograph and EDXS elemental map of a cross
section of the anodic oxide grown on Hf-4at.%Nb alloy at 5 mA cm™ in 0.1 M ABE up to 50 V.

6.4 Glow Discharge Optical Emission Spectroscopy

GDOES elemental depth profiles are shown in Figure 6.6 for anodic oxides grown on Hf-
4at.%Nb, Hf-19at.%Nb, Hf-57at.%Nb and Hf-76at.%Nb alloys to 100 V. Hf and Nb are
present throughout the whole film thicknesses with the presence of B species in the outer part
of the oxide layer.

The oscillations in the signals of Hf and Nb are due to optical interference. No enrichment or
layered structures are detected regardless oxide composition despite very different transport
number of Hf*" (0.05) in the growth of pure crystalline HfO,***® and Nb>* (0.24 - 0.27) in the
growth of pure amorphous Nb,0s.2***!"* This result is typically explained in the frame of
M*-O% bond energies strength: the higher is the bond strength, the lower is the current
carried by the specific cation during the anodic film growth.**'”* Since the bond energies

related to Nb°*-O% and Hf*'-O% are not so different (329 kJ mol” and 283 kJ mol”
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respectively), it is quite reasonable that Nb and Hf are present throughout the whole films
thickness without any layered structure, in agreement also with the results reported in
literature for a similar system (i.e. anodic oxides grown on Hf-Al alloys).36 The incorporation
of B species only in an outer layer can be also rationalized taking into account a higher bond
strength B**-0% (526 kJ mol™) with respect to that of the two M**-O* bonds, thus B is quite

immobile during the growth.
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Figure 6.6 GDOES elemental depth profiles for (a) Hf-4at.%Nb, (b) Hf-19at.%Nb, (c) Hf-57at.%Nb and (d) Hf-
76at.%Nb alloys anodized at 5 mA cm 2 to 100 V in 0.1 M ABE.

It is well known that the anodizing of pure Hf or pure Zr leads to the formation of crystalline
oxides, and that the transport number of cations (i.e. Hf'" or Zr*") is close to 0 so that the

growth is predominantly carried out by oxygen anions coming from the electrolyte and
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migrating toward the metal/oxide interface accogdio the direction imposed by the electric
field. Thus, the anodic film thickening predomirgteccurs at this interface. On the contrary,
for other valve metals like Nb, amorphous oxides grown by anodizing and the transport
number of cation is not negligible so that the aadiim thickens due to the simultaneous
migration of both NB" and G". From these results, it is quite complicated tokfthe growth

of an amorphous outer layer since cations shouldmgrate into the inner crystalline layer.
For this reason, it is supposed that amorphous ohsmaae present also into the crystalline
matrix of the oxides grown on the alloys with Nmtent up to 39at.% so that cations migrate
through the inner layer to form the amorphous layer

The formation of an amorphous outer layer is alggpsrted from the presence of B species
in the outer part of the oxide that can stabilize growth of anodic film with no long range
order, as reported in literature for other oxidesag on valve metals alloy$? According to
these results and previous papers reported irfiter'° it is possible to state that the outer
amorphous layer is formed at the film/electrolytéerface by migration of cations and the

inner layer develops at the alloy/film interface.

6.5 Photoelectrochemical Characterization

In Figure 6.7 photocurrent spectra (photocurrentrasliating wavelength curves) recorded at
5 V vs Ag/AgCI relating to anodic oxides grown t0 ¥ vs Ag/AgCl on the investigated Hf-
Nb alloys are reported. All the oxide films restdtbe photoactive under anodic polarization,
even Hf-rich anodic oxides, and the intensity obtolcurrent signal increases by increasing
the Nb content in the oxide.

In the case of anodic HiCand Nb-doped Hf@ E,>* was related to the optical transitions
between localized states, due to the presence gdtimely charged oxygen vacancies, and
conduction band extended stat&s:*° Considering indirect optical transitiofSE,"" was
calculated for all the investigated mixed anodi@es (as shown in Figure 6.8) and the values

are summarized in Table 6.1.
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Figure 6.7 Raw photocurrent spectra relating to anodic oxides grown to 10 V vs Ag/AgCl on all the investigated
samples, recorded at 5 V vs Ag/AgCl in 0.1 M ABE.
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Figure 6.8 E,™" estimate by assuming non direct optical transitions relating to anodic oxides grown to 10 V vs
Ag/AgCl on (a) pure Hf, (b) Hf-39at.%Nb, (c) Hf-57at.%Nb, and (d) pure Nb.
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Table 6.1E@,Opt estimated froml(;, hv)®° vshv plot for all the investigated anodic oxides.

Base alloy ES P/ eV
Hf 3.58
Hf-4at.%Nb 3.85
Hf-19at.%Nb 3.75
Hf-39at.%Nb 3.63
Hf-57at.%Nb 3.75
Hf-76at.%Nb 3.58
Nb 3.45

The optical absorption threshold energy is almoskependent on the films composition
ranging between 3.8 £ 0.05 eV for Hf-rich oxides-&4t.%Nb) and 3.45 + 0.05 eV for pure
Nb oxide!* Only for anodic oxide grown on Hf-4at.%Nb, a setomptical absorption
threshold was detected with a value of 2.75 + (95 regardless of anodic or cathodic
polarization.

The detected anodic photocurrent for Hf-rich oxidessupposed to be related to optical
transitions between localized and extended st@wegshe contrary, the much lowey of pure
Nb,Os allows us to detect photocurrent coming from @ticansitions between O 2p-band
(valence band) and Nb d-band (conduction bandg¢stdthis means that there is probably a
threshold film composition for which, for higher Nfontent, it is possible to estimate the
oxide Ey (Nb,Os-like band structure) and, for lower Nb contenisinot possible to estimate
the actual oxideEy but only an optical threshold energy related w@ngitions between
localized and extended states (HHie band structure).

Photocharacteristics were also recorded by scaruirigward cathodic direction at 10 mV s

! under several irradiating wavelengths for all theestigated oxides in order to get
information about the nature of anodic films (esgmiconducting or insulating) and the flat
band potential valud)g, that is correlated to the Fermi level of the esidE=", through the
Equation 5.51,, vs Ug curves recorded at= 300 nm (i.ehv = 4.13 eV) are shown in Figure

6.9. For all the investigated specimens, recordeatqeurrent is anodic (see phase angle in
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Figure 6.9) and its intensity decreases by scanning Ug toward cathodic direction.
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Figure 6.9 Photocurrent and phase angle vs potential curves relating to 10 V anodic oxides grown on (a) Hf-
4at.%Nb, (b) Hf-19at.%Nb, (c) Hf-57at.%Nb, and (d) pure Nb. Irradiating wavelength: 300 nm. Potential scan
rate: 10 mV s

In some cases, e.g. oxide grown on Hf-4at.%Nb alloy, a change in photocurrent sign is
detected as typical of insulating materials for which both anodic and cathodic photocurrent
can be generated depending on the direction of electric field across the layer, i.e. depending

1'% For this reason,

on applied potential with respect to the oxide flat band potentia
photocurrent sign inversion potential, Uiy, 1s usually considered as a proxy of oxides Ugg.

The shape of the measured photocurrent vs applied potential curves can provide important
information regarding possible recombination phenomena of photogenerated carriers. Thus

the photocharacteristics can be fitted according the power law:
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ph

The best fitting exponent n for all the investightxides is reported in Table 6.2.

Table 6.2Parameters obtained by fitting the experimentakptharacteristics recorded for all the 10 V anodic
oxides according to the power [y o U.

Base alloy Wavelength / nm n

Hf ggg Not reliable

260 0.50

Hf-4at.%Nb 300 050

260 0.55

Hf-19at.%Nb 300 0.50

340 0.50

260 0.65

Hf-39at.%Nb 300 0.50

340 0.55

260 0.60

Hf-57at.%Nb 300 0.50

340 0.40

260 0.75

Hf-76at.%Nb 300 0.60

340 0.55

260 1.40

Nb 300 1.00

340 0.90

A supralinear behaviour (n < 1) of the photochamastics is exhibited for almost all the
specimens with the exception of pure,®kh This behaviour is usually associated to the
presence of bulk and surface recombination phenaroéthe photogenerated carriers as well
as geminate recombination effects (see Section Hid)noteworthy to mention that n is quite
independent on irradiating photon wavelength foodan films grown on alloys with Nb
content lower than 57at.% (i.e. crystalline oxideh)lst it decreases with increasihgor the

amorphous films (oxides with Nb content57at.%Nb), as expected for that materials in
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which the mobility of electrons and holes is usually very low and strongly depends on the

irradiating photon energy.

6.6 Differential Capacitance Measurements and Electrochemical
Impedance Spectra

In order to get information on dielectric properties of the investigated oxides, differential

capacitance measurements were carried out. In Figure 6.10(a) the measured series capacitance

for 10 V anodic oxides are reported as a function of Nb content, recorded from 5 Vto-1V vs

Ag/AgCl and a.c. frequency of 1 kHz.
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Figure 6.10 (a) Measured series capacitance relating to all the investigated anodic layers grown to 10 V vs
Ag/AgCl.. Characterization solution: 0.25 M Na,HPO,. (b) Dielectric constant for all the investigated anodic
oxides as a function of Nb content. (c) Equivalent oxide thickness for all the 2 V anodic oxides.
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It is possible to note that for anodic films groam Hf-Nb alloys with Nb content 19at.%,
CseriesiS almost independent from electrode potentidlypgal of insulating materials, whilst
Cseriesrelating to oxides with Nb contert39at.% increases by sweepidg toward cathodic
potentials as typical of n-type semiconductdsThis behaviour is more evident recording
differential capacitance curves at lower a.c. feuues, e.g. 100 Hz and 10 Hz. Capacitance
dependence on base alloy composition is not linédrthe maximum value recorded for the
mixed oxide grown on Hf-39at.%Nb alloy. From theseasurements, assuming that the oxide
capacitance can be described by a parallel plagt@cttar model, it is also possible to estimate
the oxides dielectric constant from the Equatidn @hereC,x was calculated by considering
the value ofCseries at high band bending and high frequency and byracting to it the
Helmholtz double layer capacitance contributién,~ 20 pF cni? in aqueous solutiotf.*#
Oxides dielectric constants are reported in Figul®(b) as a function of Nb content in the
oxides. It is possible to distinguish three diffareomposition ranges corresponding to three
different anodic film structures: 1) pure anodicCdfand anodic oxide on Hf-4at.%Nb
(formation voltage < 50 V), that are entirelystalline; 2) anodic mixed oxides composed by

an inner crystalline layer and an outer thin amogshlayer (anodic film on Hf-19at.%Nb and
Hf-39at.%Nb); 3) anodic mixed oxide with a Nb content> 57at.%, that are completely
amorphous. Notably, the oxide grown on Hf-4at.%MNid &f-39at.%Nb have a dielectric
constant higher than those corresponding to pudeex

The addition of small amount of Nb (namely 4at.%)vaed to get an anodic oxide with a
dielectric constant of 41, thus significantly hightban that estimated for Nb-free HfO
Moreover, as disclosed in Figure 6.10(b) the higlesgsis measured for the mixed oxide
grown on Hf-39at.%Nb alloy (i.e. 45), which is raug twice the dielectric constant of pure
HfO, (19)**° and comparable to the dielectric constant of®(40 - 50)*2>*>* Therefore,
anodizing valve metals alloys of tailored compasitis a promising strategy to prepare
hafnia-based dielectric with dielectric constarghar than that of Hfe) as an alternative to
typical strategies of electronic industry, e.gstabilize at room temperature Hfth higher
symmetry tetragonal and cubic phases by dopihg.
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Assuming that DRAM MIM.,, work under potential difference in the order of 1 V,
formation voltage of 2 V can be selected to provide the oxides thickness according to the
corresponding anodizing ratio. Knowing the oxide dielectric constant, it is possible to
estimate the equivalent oxide thickness, EOT, defined by Equation 6.1, whose values are
reported in Figure 6.10(c). Incorporation of Nb into HfO, allows to get EOT of ~ 0.5 nm for
anodic films on Hf-4at.%Nb and Hf-19at.%Nb, while even lower (0.38 nm) with anodic oxide
on Hf-39at.%Nb. This result is notable since anodic thin films grown on Hf-4at.%Nb have
high band gap and low EOT, being suitable for the use in MIMc,, for DRAM memories.

In Figure 6.11 EIS spectra relating to all the investigated 20 V anodic oxides recorded at 8§ V
vs Ag/AgCl are reported. The electrochemical impedance spectra can be very well simulated
by the electrical equivalent circuit shown in the inset of Figure 6.11(b), consisting of R,
relating to the electrolyte resistance, in series with a parallel between R, representative of the

oxides resistance, and the Q. introduced to model the oxide capacitance.
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Figure 6.11 Bode representation of EIS spectra relating to all the investigated anodic oxides grown to 20 V vs
Ag/AgCl, recorded at Ug = 8 V vs Ag/AgCl in 0.25 M Na,HPO,. Inset: Electrical equivalent circuit employed to
model the metal/oxide/electrolyte interfaces.
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The high |Z| and a phase angle very close to -@0pdre HfQ and amorphous mixed oxides
(i.e. oxides with Nb content 57at.%) confirm the formation of blocking oxidés.Table 6.3
fitting parameters of 20 V anodic layers EIS spe@re reported. Very high values of the
oxides resistance as well as the CPE exponentge ¢tw 1 leading to the conclusion that
anodic layers behave almost like pure capacitors.

Table 6.3Fitting parameters relating to the EIS spectrasshim Figure 6.11.

BaseAlloy Rg/Qcm® Ry /Qcm®  Qu/S$cm? n X

Hf 24 9.0 x 10 5.1 x 10’ 0.99 0.0019
Hf-4at.%Nb 29 4.6 x 10 6.8 x 10’ 0.98 0.0016
Hf-19at.%Nb 25 4.2 x 10 7.5 x 10’ 0.97 0.0013
Hf-39at.%Nb 21 2.8 x 10 1.2 x 1¢° 0.96 0.0019
Hf-57at.%Nb 21 4.5 x 10 6.9 x 10’ 0.99 0.0018
Hf-76at.%Nb 30 5.0 x 70 6.3 x 10’ 0.99 0.0021

Nb 22 3.8x 10 7.0 x 10’ 0.99 0.0019

6.7 Withstand Voltage and Leakage Current Measurements

In order to fully evaluate the dielectric propestief the films, further measurements to
estimate the withstand voltage and the leakagesouof the investigated anodic layers have
been carried out. Figure 6.12 shows Yhecurves relating to the galvanostatic re-anodizing
step performed on all the investigated oxides @A cni? in the same electrolyte used for
the first anodizing procedure.

In the case of amorphous anodic oxides (i.e. filmith Nb content> 57at.%), an initial
voltage jump equal to the formation voltage is dieté followed by a voltage increase with a
slope lower than that relating to the first anadigstep. This is expected, according to the

Faraday’s law, since the current density relatmthe re-anodizing step is 10 % of the current
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density relating to the initial anodic oxide growth.
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Figure 6.12 Voltage vs time curves related to re-anodizing procedure of all the investigated anodic oxides at 0.5
mA cm™ in 0.1 M ABE for the evaluation of oxides withstand voltage.

For these oxides, the withstand voltage values are close to the formation voltages, thus
confirming the reliability as dielectrics of these layers. Almost the same behaviour is reported
for the anodic film grown on pure Hf with an estimated withstand voltage close to the values
related to the amorphous oxides. A consistent delay (~ 30 s) in reaching the formation voltage
value is reported for the anodic oxide grown on Hf-39at.%Nb whilst, in the case of the anodic
layers grown on Hf-4at.%Nb and Hf-19at.%Nb alloys, the voltage recorded during the re-
anodizing step does not reach the formation value, even after 1 min. The latter result leads to
withstand voltages far from that estimated for amorphous oxides and pure HfO,, whilst a
higher withstand voltage (91.4 V) is estimated for the oxide grown on Hf-39at.%Nb alloy.
These behaviours can be explained considering that, during the re-anodizing step, the defects
present into the oxide structure are repaired so that, the more defective is the oxide, the longer
is the delay in reaching the oxide formation voltage.'®!

Another important parameter in the evaluation of the dielectric properties of the anodic layers
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is the leakage current, ir, the latter being the current measured after 900 s by polarizing the

oxides at 75 V (i.e. 75 % of the formation voltage).
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Figure 6.13 Leakage current measured for all the investigated 100 V anodic oxides by applying 75 V for 900 s.

Under potentiostatic polarization, current density decreases quickly during the first seconds
and then reaches a plateau value for long times, as shown in Figure 6.13 in which all the
leakage current measurements are shown. The highest leakage current is recorded for the
anodic film grown on Hf-4at.%Nb, in the order of 1 mA cm™, due to the oxygen evolution
during the measurement whilst the lowest leakage currents are detected for amorphous oxides

and for pure HfO,.

6.8 The Interplay between Structure and Dielectric Properties

In order to better evaluate the dielectric properties of the anodic layers, it is important to
understand what is the relationship between structure (morphological and -electronic
properties) and performances (withstand voltage and leakage current). At this aim, all the

results obtained from photoelectrochemical measurements were used to sketch the energetics
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of the metal substrate/anodic oxide/electrolyte interfaces, as shown in Figure 6.14 for anodic

oxides grown on Hf-4at.%Nb, Hf-19at.%Nb and Hf-57at.%Nb alloys.
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Figure 6.14 Sketch of the energetic levels of metal/oxide/electrolyte interface for anodic films grown on Hf-
4at.%Nb, Hf-19at.%Nb and Hf-57at.%Nb alloys. Dotted arrow: energy interval in which valence band edge can
be placed according to the literature. Grey localized states in the band gap: full electron states. White localized
states in the band gap: empty electron states.

In order to set the position of energy levels of anodic layers, it is necessary to know the work
function of metallic substrates, calculated as the arithmetic mean of pure Hf and pure Nb

work functions (3.9 and 4.3 eV respectively),182

and the band gap values and flat band
potentials of the oxides that are estimated through the photoelectrochemical measurements
(see above).

In Figure 6.14 the energy levels relating to the two main redox reactions, involving aqueous

electrolyte, that sustain the carriers conduction were also added:

i. H,>2H +2¢ Ueq=-0.2-0.059 pH (V vs Ag/AgCl)
ii. 2H,0> 0,+4H" +4¢ Ueq = 1.03 —0.059 pH (V vs Ag/AgCl)

Leakage current that flows across the dielectrics is strictly related to the insulating or

semiconducting properties of the films and it is mainly due to the electrons/holes conduction
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across the oxide, so that if percolation paths are present throughout the anodic layers, the
carriers conduction is easier and leakage current increases. The presence of localized electron
states inside the band gap of the oxide can provide percolation paths inside the layers for
electronic conduction. These states can be also involved in conduction mechanisms, such as
Poole-Frenkel emission or tunnelling, that are made easier in presence of strong electric field

strengths across the anodic layers, as sketched in Figure 6.15.
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Figure 6.15 Sketch of the possible transport process across the oxide and at oxide/electrolyte interface. Blue:
Poole-Frenkel emission. Red: Tunnelling.

Furthermore, in the case of anodic film growth where the involved electric field strengths are
in the order of MV cm’', also the ionic migration is activated so that it is possible to have both
ionic and electronic conduction with possible gas development within the growing oxide.'”

In fact, O* anions can be oxidized according to the reaction:
ii. 207> 0,+4¢

leading to oxygen evolution reaction into the layer, therefore producing oxygen bubbles that
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can be blocked in the oxide, as in the case ofiarfibth growth on Ti'"®

During anodic film growthand leakage current measurements, an anodic pailariz(with
respect to the oxide flat band potential) is amplie the metal/oxide junction. Therefore, in
evaluating the current flow across the layer, bothdation reactions (i) and (i) at
oxide/electrolyte interface should be considerettesithey are thermodynamically possible
but also oxygen anions oxidation can contributénécurrent flow.

Generally speaking, crystalline oxides have higloenic resistivity with respect to the
amorphous counterpart, thus higher electric fitldngths are present, for instance, during the
anodic films growtt’® Pure Hf oxide is the only investigated layer tisagntirely crystalline.

As discussed before, oxygen is produced duringatioelic HfQ growth from ~ 60 V to the
final formation voltage, with a consequent decraasie growth efficiency. Since no cracks
are present inside the anodic layer, it is supptisgdwhole produced oxygen comes from the
water oxidation reaction (ii) at the oxide/elecytel interface (since the absence of dissolved
H. in the solution). Despite this experimental evickerthe leakage current for pure Hf oxide
is very low (~ 300 nA ci) due to the insulating nature of this anodic layidre highest
leakage current and the most abundapne®@lution were observed during anodizing of Hf-
4at.%Nb alloy. This can be explained by lookingtte# band structure of the oxide: the
presence of empty localized states close to thduion band gives a way to the electrons,
coming from water oxidation, to flow across thedexiand, then, to be emitted or to tunnel to
the conduction band. Leakage current for the othedes is markedly lower due to the

absence of such states.

6.9 Concluding Remarks

Anodizing can be a facile and valuable route taitabe highk mixed oxides with tailored
dielectric properties. In this case, mixed Hf-Nbid®s were fabricated by anodizing
sputtering deposited Hf-Nb metallic alloys. Dep@mgdion Nb content in the metallic
substrate, the anodic oxides can have differentackexistics, from a morphological and

structural point of view, as well as regarding &l@aic properties.
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The structure and the composition of the anodidexiwere studied by TEM observations as
well as by GIXRD and GDOES. The mixed oxides witNlacontent- 57at.% resulted to be
amorphous whilst mixed oxides with Nb conten89at.% resulted to be formed by an outer
amorphous layer and an inner crystalline layers thucrystalline-amorphous transition is
detected by increasing Nb content in the oxides.

Photoelectrochemical characterization was performearder to estimate band gap and flat
band potential of the anodic oxides. Detected anptibtocurrent was attributed to optical
transitions between allowed localized electronestgdhear oxides valence band) in the band
gap and oxides conduction band (Nb conte38at.%) or to band-to-band optical transitions
(Nb content> 57at.%). In the case of anodic oxide grown on &if%Nb, the presence of a
long photocurrent tail leads to the conclusion thipty localized electron states near the
conduction band are present.

Impedance as well as withstand voltage and leakagent measurements have been carried
out to study dielectric properties of the anodigels. In particular, the highest value of
capacitance was recorded for the anodic oxide granwhif-39at.%Nb but amorphous mixed
oxides report the highest withstand voltages arddivest leakage currents. It is noteworthy
to mention that, when thin films are required (&M ¢, in DRAM memories), the anodic
oxide grown on Hf-4at.%Nb seems to be the mosiablét because of its high dielectric
constant (with respect pure HfGand high band gap.

Therefore, the experimental results reported sugtied by properly selecting the alloy
composition (and also the formation voltage) ipassible tailoring both the oxides band gap
and dielectric constant as well as crystallinityaanorphosity of mixed oxides, which are key

parameters in determining the performances of kigtaterials.



Anodic Oxides as Solid Electrolytes of Resistive $wwhing Devices 125

7 Anodic Oxides as Solid Electrolytes of Resistive
Switching Devices

As discussed in Section 2.3, ReRAMSs are typicatiymposed by metal/solid electrolyte/metal
junctions in which the solid electrolyte is oftermatal oxide or multilayer oxides structures.
In last decade ReRAMSs have been intensively ingatdd in order to understand in details
the switching kinetics and the microscopic ionieé&tonic mechanisms in order to improve
retention and endurance and to optimize devicefomeances® Most attractive are the
filament type switching systems based on a changelectrolyte resistance due to the
formation/dissolution of electronically conductirfdaments that short circuit the metal
electrodes leading the device from a high resigtastate (HRS) to a low resistance state
(LRS). Filament formation and dissolution are tbesequence of electrodes redox reactions
at the metal/electrolyte interfaces and of the muamt of the ions, generated by these
reactions’

In the case of VCM cells, resistive switching isci#bed with the formation of an oxygen-
deficient filament for the SET process that camrdmxidized leading to its partial dissolution
(RESET). Oxygen anions movement is supposed tes@onsible for the resistive switching
in these cells although recently also cations m@rgmwas demonstrated by several
authors’®183718

Solid oxide electrolytes for ReRAMs, are usuallyegared by means of atomic layer
deposition, chemical vapor deposition, pulsed lafgposition or RF sputterirg.”>8-187
Despite these techniques are largely used for prodguhigh quality thin films for
nanoelectronics, these methods require high/uggraliacuum conditions and in many cases
the high energy patrticles penetrate into the ugohgyIlmatrix inducing interface mixing of
materials.

An alternative way to produce high-quality metald®s is the anodizing process that allows
to grow oxides with well-defined characteristicglsas thickness, composition, structure, and
morphology by easily controlling operating parametsuch as formation potential, growth

rate, electrolyte, and metal substrate compositiaasdiscussed in the previous sections. To
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date, there are several papers in which porousi@atgdninum oxide is used as a matrix for
the fabrication of ReRAME®*™®! or anodic nanostructured oxides are used as solid
electrolytes-*>**put only few papers discuss on ReRAMSs devices Witttier-type anodic
oxides!?"~2%°

In this Ph.D. work, anodizing process was used tadabricate solid electrolytes for ReRAM
devices with controlled properties such as morpiyldhickness and structure. All the
investigated devices are composed as follows: MeliariMeQ/Pt in which Me = Ta, Hf, Nb
and also metallic alloys such as Hf-4at.%Nb, Al{9%da, Al-62at.%Ta, Al-42at.%Ta and Al-
20at.%Ta. Anodizing electrolyte was carefully chose order to avoid incorporation of
foreign species from the bath that could changetreleic properties of the oxide films, i.e. a
borate buffer solution (pH = 8) was used for a## #modic oxides growths. Pt top electrode
has been chosen as the most common inert electreg@ in ReRAM devices and the
fabrication of Pt pads is described in Section3.The part of Pt top electrode fabrication
and electrical characterization of the devices wasrely carried out at the Institut far
Werkstoffe der Elektrotechnik 2 at RWTH Aachen Wsity with the collaboration of Prof.

Rainer Waser’s research group under the supervigiom. Ilia Valov.

7.1 Ta/Anodic Ta Oxide/Pt devices

Several Ta/anodic 3@s/Pt junctions have been fabricated. In particula, anodic oxide was
grown on Ta substrate/bottom electrode up to tdiferent formation potentials: 5, 10 and
20 V vs Ag/AgCl potentiodynamically at 10 mV* &nd also galvanostatically at 5 mA ém
up to 10 V. From XRR measurements conducted at AMBe thickness of the 10 V J& is

20 nm, over 270 nm of metallic Ta substrate.

Before investigating in details the resistive swihg properties of this system, cyclic
voltammetry (CV) measurements were carried out fideo to understand which redox
processes are directly involved and responsiblaenswitching of Ta/anodic 7@s/Pt VCM
cells. At this aim, the redox processes have beehesl in a voltage range restricted to values

for which there are no complete switching procegses filament formation due to FORM
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and/or SET processes) by using the thickest Ta oxide, i.e. 20 V anodic Ta,;Os. In this way, the
electronic contribution to the total conductivity is very low allowing the possible detection of
the redox peaks.'™*

CV measurements shown in Figure 7.1 reveal at least three different processes. In the first
cycle only one redox peak is well-resolved, related to an oxidation reaction, recorded at
positive voltage of V; = 2.1 V. This peak merges and is further not clearly distinguishable
during subsequent cycles. Within the sweep in the negative voltage range, reduction processes
(or process) are observed appearing within the range of + 1 V and — 1 V. However, no

distinguished peak(s) can be resolved and, for this reason, this region is marked in Figure 7.1

by Vied, without indexing.
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Figure 7.1 Cyclic voltammogram of Ta/20 V Ta,Os/Pt cell recorded with a sweep rate of 900 mV s'. The
measurements were performed in a proper voltage range (between -2 V and 3.2 V) in order to avoid the first SET
process in the device.

During the reduction process(es) obviously new species are formed because, on the second
positive sweep scan, a new oxidation peak at V, = 1.3 V is detected. It merges with V; and

forms a plateaux in the range 1.3 V to 2.5 V. Increasing the voltage over + 3 V leads to a
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formation of filament i.e. resistive switching. lorder to more clearly distinguish the
individual redox peaks, it was necessary to useveep rate of 900 mV'’s higher with
respect to that used in literature for same measemes with same materiai%'

Several electrode reactions are possible, incluttiegTa/T&" and O/G~ half-cell reactions
but also those related to moisture, as folldffs:

Ta= Ta*" + xe~ 7.1

20% 2 0, + 4e” 7.2
1 7.3

20H™ = 05+ H,0 + 2e”

20H™ 4+ H, & 2H,0 + 2e” 7.4

2H,0 = 0, + 4H* + 4e” 7.5

CVs are classically recorded in a three-electrodefiguration to exactly identify redox
potential of any peaks with respect to the refezeptectrode potential. In this case, a
reference electrode is not available and it isialiff to identify the exact electrochemical
reaction related to every redox peak. For positrediages, oxidation of Ta is the most
probable from a thermodynamic point of view withassible further chemical reaction of the
metal cations with © and/or OH to form Ta oxide or hydroxid®* Nevertheless, since all
the measurements have been performed in ambierdsphare, the influence of water
molecules bonded on Ta@natrix cannot be excluded, with particular refeemo oxygen
reduction reaction to form OHbns and water decomposition to form moleculargen?®*8*

It is noteworthy to mention that the anodic Ta exidsed for the experiments is much denser
(8.5 g cn?® from XRR measurements) compared to same oxidesdamposition) prepared
by physical deposition techniques, that resultechanoporous structures which can easily
host water molecule$.For this reason, it has been assumed that the peshks are related to

reactions 7.1 and 7.2 rather than to reactions7743and 7.5.
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Basic functionalities of ReRAMs devices can be studied with /-V characteristics usually
applying a current compliance, /cc, during the SET process and/or during the RESET process
(see Section 3.3.6).

In Figure 7.2 a typical I-V sweep for anodic Ta,Os-based devices is reported, regardless of

solid electrolyte thickness and Pt top electrode pad dimensions.

0.004 0.1
b
0.003 0.01 ®)
0.002 A e e
< 0.001 < a ]
= = i
0 0.0001 }
£ E N SET
= _ =} -
o 0001 O 0.00001 }
-0.002 F
0003 0.000001 §
RESET i
-0.004 ' ' ' ' 0.0000001 ' ' ' '
-5 -1 05 0 05 1 -5 -1 05 0 05 1
Voltage / V Voltage / V

Figure 7.2 Typical I-V sweep of Ta/Anodic Ta,Os/Pt devices with the measured current in (a) linear scale and (b)
log scale. Current compliance = 3 mA. Oxide thickness = 20 nm, pad area = 100x100 pm®.

This eight-wise and bipolar characteristic is usually reported in VCM cells, i.e. almost
symmetric SET and RESET voltages as well as RESET current comparable with the current
compliance applied for positive voltages.”®

Despite Ta oxide is one of the most used solid electrolyte for ReRAM devices, this is the first
time in which electrochemically prepared Ta,Os with anodizing process is used in resistive
switching memories. The reliability of these anodic layers as solid electrolytes is shown in
Figure 7.3 and Figure 7.4, in which multilevel switching is reported for 5 V Ta,Os (dox = 10
nm) and 20 V Ta,Os (dox = 40 nm) respectively. These I-V characteristics are reached by
simply adjusting the current compliance during the SET processes for positive polarities. In

this way, the destructive breakdown on the anodic layer is avoided and it is also possible to
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control the size of the formed conducting filament (CF) leading to different values of the ON

state resistance.
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Figure 7.3 [-V sweeps recorded with different applied current compliances relating to the Ta/5 V anodic
Ta,0s/Pt device. Oxide thickness = 10 nm.
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Figure 7.4 -V sweeps recorded with different applied current compliances relating to the Ta/20 V anodic
Ta,05/Pt device. Oxide thickness = 40 nm.

Before any switching experiments, the cells were formed into the LRS (FORMING process)
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by applying a positive voltage to the Ta bottom electrode, always employing a current
compliance. It is important to say that there was no good repeatability in forming voltage
values, ranging between ~ 0.5 V and the formation potential of the anodic oxide. This
property is common to all the Ta,Os-based devices, probably due to a contact resistance
originating from the air-formed oxide layer on bare Ta bottom electrode, being the latter a not
noble metal and thus easily oxidizes in ambient atmosphere. Moreover, when the devices are
formed and not broken during the first SET cycle, they reliably switch from the LRS to the
HRS and vice versa for many cycles without huge signs of degradation leading to a very high
yield for these cells (almost 90 %), crucial parameter to use the cells in “real” memory
devices.

Among the three studied devices, that one composed by Ta/10 V anodic Ta,Os/Pt (dox = 20
nm) resulted to be the most stable and reliable, as shown in Figure 7.5(a) from the selected

number of 10° consecutive /- sweeps on a single device.
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Figure 7.5 (a) 10° I-V cycles related to Ta/10 V Ta,Os/Pt cell and (b) resistance window during cycling the
device. A current compliance of 2 mA was used during this measurement.

The device shows bipolar, eight-wise switching with low-switching voltages, Vsgr ranging
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between 0.45 and 0.65 V and Vresgr ranging between — 0.55 and — 0.65 V. The low voltage
variability proves that the memory device exhibits high uniformity in SET and RESET
processes with narrow distribution. Resistances were calculated by Ohm’s law at 0.1 V as
READ voltage for both HRS and LRS that vary between 6350 and 3100 Q and between 250
and 320 Q respectively as shown in Figure 7.5(b). Rorr and Ron are almost constant with the
number of cycles, maintaining a Ropp/Ron ratio >10, standard requirement to use these
devices for memory applications.*"’

As done for 5 V and 20 V Ta oxides, by varying the current compliance during the SET cycle,

it was possible to demonstrate multilevel switching with at least nine adjustable resistance

levels as shown in Figure 7.6.
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Figure 7.6 /-V sweeps recorded with different applied current compliances.

By increasing Icc, Ron decreases from 3870 (Icc = 100 pA) to 85 Q (Icc = 10 mA) (see Figure
7.7). The different resistance values are determined by changes in the thickness of the
filament and/or by the change of the composition (oxidation state) of both filament and disc.

These resistances were shown to be stable and do not vary within the time of the observation
(Figure 7.6).
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Figure 7.7 LRS resistance vs current compliance related to /—V sweeps shown in Figure 7.6(a) and (b).

It is noteworthy to mention that the increase in the current compliance leads to higher Vgygsgr
values (~ - 1V for Icc = 10 mA) as well as to more sharp RESET processes with respect to
the cycles with lower /cc.

The kinetics of the switching process are directly connected to the sweep rate of the triangular
voltage signal during the /-7 sweeps. In Figure 7.8 different /-V sweeps of 10 V Ta,Os-based
resistive memory device are shown by changing the voltage sweep rate, from 70 mV s™ to
3400 mV s\ As it is possible to see from the magnifications of ON and OFF switching, Vsgr
and Vresgr increase by increasing the sweep rate. The latter condition gives less time to the
system for the switching process so that the resistive cell needs a higher voltage to switch. For
a ECM device such as Cu/SiO,/Ir memory, an exponential relationship between the switching
voltage and the sweep rate was observed for medium to high sweep rates, whilst for low

sweep rates (< 10 mV s™), a critical SET voltage seemed to be approached.”*
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Figure 7.8 I-V characteristics of Ta/10 V anodic Ta oxide/Pt cells by changing the voltage sweep rate. Oxide
thickness = 20 nm.

The pronounced exponential relationship and, in particular, a critical threshold voltage for the
SET process explain how the voltage-time dilemma (i.e. the combination between fast
switching and immunity to long-lasting read-disturb)*” is overcome for the SET process in
resistive switching memory cells.

It has been recently demonstrated by STM studies that samples history (e.g. thermal
treatments) plays a key role in defining the dominant resistive switching mechanism for TaOy

204

solid electrolytes.” " Furthermore, moisture present inside the oxide can play a significant role

in switching processes, being involved e.g. in the oxygen evolution reaction or in the OH™ ions
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generation.®*®'®* Strictly related to the moisture is the density of the solid electrolytes.”’
Density is closely related to the transport properties of thin films. In general, lower density
(higher porosity) lowers the ion diffusion as the path of an ion to pass same effective distance
becomes longer and/or related to overcoming additional energetic barriers. Moreover, lower
density supports a higher water/moisture uptake, and higher density supports a lower uptake
of moisture.

In order to understand which is the effect of the moisture on the switching properties of
anodic Ta,Os-based devices, 200 I-V cycles have been carried out at room temperature under

vacuum conditions (P = 4-10” mbar), as shown in Figure 7.9.
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Figure 7.9 200 cycles of Ta/10 V anodic Ta oxide/Pt cell under vacuum condition (P = 4-10” mbar).

As shown, the switching is quite stable with narrow distributions of Vsgr and Vggsgr.
However, it is important to say that the device was previously formed in ambient atmosphere
and that it was not possible to form the sample under vacuum conditions, leading to the

breakdown of the anodic oxide during the first SET cycle. This result confirm what it is
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already reported in literature, that the moisture is essential, at least, for the FORMING

68,69
step.””

No unequivocal answer is given on the question whether moisture is also so essential
for the following SET/RESET operations. On the other hand, since Ta is less noble than
water,'"* moisture can promote Ta oxidation (according to Equation 7.1) i.e. should decrease
the stability.”® The oxidation of Ta is additionally enhanced by applying a positive voltage to
the Ta electrode during cycling. Thus, density appears a factor in ReRAMs influencing the
transport and stability directly (diffusion), and indirectly (uptake of moisture). In the ideal
case, Ta,Os should contain some moisture (to enable forming and possibly support faster
switching) but not too much as it will affect the stability. Thus, the good performances of this
anodic Ta,Os-based device could be a direct consequence of the high density of the solid
electrolyte, i.e. contain enough moisture to allow forming but also less enough to avoid metal
oxidation and support high stability and fine dispersed multilevel switching.

Further measurements on the device performances and stability were performed using voltage

pulses, as described in Section 3.3.6.
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Figure 7.10 (a) SET pulse at 0.98 V and (b) RESET pulse at — 1.9 V: switching time was evaluated as the time
between the voltage rise and the half height of current rise after the peak related to the charging current of the
cell capacitance.
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In order to study the switching kinetics and how fast is the resistance switching, fast pulses
(minimum #,yse = 1 Hs) were applied to the device with a Keithley 4200-SCS connecting the
smallest Pt top electrode pads. This is necessary to reduce as much as possible the current
peak related to the charging process of the cell capacitance. The switching time was evaluated
as the time between the voltage rise and the half height of current rise after the peak related to

the charging current of the cell capacitance,”” ="’

as shown in Figure 7.10. The samples could
be switched to the LRS as fast as 20 ns at 1.25 V and also very short RESET times were
achieved of 165 ns at — 1.9 V. These results are excellent considering the quite low pulse
voltages for both SET and RESET operations.

The endurance of the 10 V (i.e. dox = 20 nm) anodic Ta,Os devices was tested with SET pulses
of 0.8 V (¢sgT = 75 ns) and RESET pulses of — 1.2 V (fresgr < 200 ns). The READ operation
was performed at 200 mV with 2.5 ms pulse length. The sequence of the cycles were: READ,

SET, READ, RESET. Test results are shown in Figure 7.11(a).
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Figure 7.11 (a) Endurance test was performed by applying 2.5 ms pulses. Switching was carried out with Vsgr =
0.8 V and Vrgsgr = — 1.2 V and 0.2 V as READ voltage. (b) Retention test for five different current compliances
applied during the SET cycle preceding the test. A 20 mV pulse was applied every 20 s.

Endurance, at least, of 10° cycles without degeneration of the ON and OFF states was
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demonstrated for the 10 V anodic Ta,Os-based device.

The retention of the LRS has also been confirmed to be at least 10* s without any sign of

degeneration as shown in Figure 7.11(b). It has been performed at 20 mV every 20 s with a

100 ms READ pulse. RESET process was successfully performed after every retention test

without any change in the value for the Vgrgsgr. These performances are comparable to that

obtained by devices prepared through sputtering deposition process or even better.””® The

excellent stability of the current during retention tests indicate that much longer retention

times and endurance can be easily reached by the devices.

To test whether the growth of the anodic oxide could lead to change in resistive switching

properties of the devices, I-V sweeps and retention test were also carried out for a device with

Ta oxide grown galvanostatically at 5 mA cm™ up to 10 V. The results are shown in Figure

7.12.
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Figure 7.12 (a) 10° consecutive cycles and (b) retention test for different applied current compliances related to

the galvanostatically grown 10 V Ta,Os-based device.

Excellent performances of anodic Ta oxide-based devices seem to be independent on the

growth mode of the solid electrolyte, confirming the reliability of the anodizing process to

prepare materials to be used in ReRAM devices.
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7.2 Hf/Anodic Hf Oxide/Pt devices

As done for the anodic Ta oxide-based devices, three different systems regarding anodic Hf
oxide have been tested. In particular, the same formation potentials (i.e. 5, 10, 20 V vs
Ag/AgCl) have been chosen for HfO, solid electrolytes. As discussed in Sections 5 and 6, the
growth mechanism of anodic Hf oxide is quite different from the typical one associated to the
anodic film formation on valve metals. In fact, anodic Hf oxide results to be crystalline
regardless of formation potential/voltage (i.e. thickness) and, during the growth, Hf"" cation is
quite immobile. However, depending on the oxide matrix, Hf cations move during the growth,
as in Hf-Al and Hf-Nb mixed oxides systems.

In Figure 7.13 typical I-V sweeps for anodic HfO,-based devices are reported.
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Figure 7.13 Typical I-V sweeps of Hf/ Anodic HfO,/Pt devices. Current compliance = 5 mA. Oxide thickness =
20 nm, pad area = 100x100 pm’.

As for Ta oxide devices, Hf/Hf oxide junction is usually associated to VCM memories and /-V
characteristic depicted in Figure 7.13 is in agreement with this conclusion.”® In fact, Irgser 18

almost equal to the current compliance applied for positive polarity and Vrgsgr value is not so

low as in ECM memories.
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Also in the case of anodic HfO,, it was possible to determine different LRS states by changing
the current compliance during the SET cycles, as shown in Figure 7.14(a) and (b) for 5 V and

20 V anodic Hf oxide-based devices respectively.
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Figure 7.14 [-V sweeps recorded with different applied current compliances relating to (a) Hf/5S V anodic
HfO,/Pt and (b) Hf/20 V anodic HfO,/Pt devices. 5 V oxide thickness = 10 nm. 20 V oxide thickness = 40 nm.
Good control of the LRS is necessary in order to achieve reproducible devices with high-bit
density. This property was reached in literature by local doping HfO, solid electrolyte with
AL29

It is noteworthy to mention that it was possible to reach 10° consecutive /-7 cycles on a single
Hf/10 V anodic Hf oxide/Pt device, as depicted in Figure 7.15 where a selected number of
cycles and the corresponding distribution of Rony and Ropp are reported. Vsgr and Vggsgr
maintain in 0.48 V - 0.62 V range and in — 0.59 V and — 0.72 V range respectively, showing a
low-voltage variability (i.e. high uniformity in SET and RESET processes) with a narrow
resistances distribution through the 10° cycles estimated at a READ voltage of 0.1 V. It is
important to say that the measurement was stopped after 10 cycles, thus the devices could

easily reach a higher number of /-V sweeps without any sign of performances degradation.
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Figure 7.15 (a) 10° 1=V cycles related to Hf/10 V HfO,/Pt cell and (b) resistance window during cycling the
device. A current compliance of 2 mA, only for positive polarity, was applied during this measurement. Oxide

thickness = 20 nm.

As for the devices comprising 5 V and 20 V anodic oxides, also for 10 V anodic Hf oxide-
based device was possible to reliably change Ron, displaying an analog behaviour that can be
used for multilevel storage, i.e. to store more than 1 bit per cell, as depicted in Figure 7.16(a).
In fact, it was demonstrated that at least 5 different values of LRS resistance could be reached,
from 565 Q (cc = 1 mA) to 155 Q (cc = 5 mA), with a variability < 10 % within the time of
the observation. The difference in Ron values is supposed to be ascribed to changes in the
thickness of the CF and/or by the change of the composition (oxidation state) of both filament
and disc. In fact, the filament can be considered as divided in two parts called plug and disc.
The plug describes the conducting region that consists of a reduced oxide with a high
concentration of oxygen vacancies whilst the disc is the region between the front of the plug
and (usually in VCM cells) the Pt electrode in the HRS state.?'*"!

It is noteworthy to mention that SET and RESET processes (through Vsgr, Vreser and Ron

values) resulted to be independent on the anodic oxide thickness that ranges between ~ 10 and
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40 nm. This is supposed to be due to a RESET process that corresponds to an incomplete
dissolution of CF at the Pt electrode/electrolyte interface, thus the subsequent SET process

needs just to connect plug region to the electrode instead of rebuilding the entire conductive

path.
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Figure 7.16 (a) I-V sweeps, related to Hf/10 V HfO,/Pt device, recorded with different applied current

compliances (between 5 mA and 1 mA). (b) Retention test for four different current compliances applied during
the SET cycle preceding the test.

Retention test, reported in Figure 7.16(b), was also performed to verify if the data is steadily
memorized during longer times. As shown, LRS is stable for at least 10* s without any sign of
degeneration, also by changing current compliance during the SET sweep before every test.
RESET process was successfully performed after every retention test without changes in the
Vwreser value.

Performances of anodic HfO,-based devices seem very similar to that of anodic Ta;Os-based
devices. Indeed, Hf is a not noble metal and the Gibbs free energy of the oxide formation,
AGom, is highly negative, i.e. it oxidizes easily in ambient atmosphere, so that Hf/HfO, and
Ta/Ta,05 systems expect to behave in a similar manner. Thus, despite it was not possible to

perform reliable cyclic voltammetries for anodic HfO,-based system, it is expected that, by
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polarizing positively the Hf bottom electrode, Hf*" can be generated leading to the reaction of
HfO, formation at the Hf/HfO, interface.”® Investigation on Hf/HfO, interface using X-ray
Absorption Spectroscopy agree with the latter statement leading to the conclusion that a new
intermediate oxide forms with a tetragonal/orthorhombic short-range order, different from the
monoclinic structure of the bulk Hf oxide, that is reminiscent of a rutile-like local structure of
intermediate TaOy out of the matrix in the Ta,Os/Ta system.78 This intermediate layer is also
called Oxygen Exchange Layer (OEL) that is believed to induce a distributed reservoir of
defects at the metal-insulator interface, thus providing an unlimited availability of defects
which are the building blocks for the conductive filament (CF).*

Regarding the filament formation, Scalpel-Scanning Probe Microscopy (SPM) was used in a
similar system, Hf/HfO,/TiN, to observe the different studies of the formation of CF, as

depicted in Figure 7.17.>"

Forming

V, " Reservoir

TiN TIN

Figure 7.17 CF formation in a VCM-type Hf/HfO,/TiN cell. 1: ON state, 2: OFF state.*'?

In this case, the CF is thought to be formed by the creation/dissolution of a chain of oxygen
vacancies (Vo ). Indeed, through the creation of the high electric field strength inside the
oxide during the FORMING process (~ 10’ V cm™), oxygen atoms start to leave their lattice
position and drift toward the anode, leaving behind an oxygen vacancy. The accumulation of
Vo into a chain of oxygen vacancies leads to the formation of a conductive path shorting the
TiN (or Pt) with the Hf/HfO, interface. The formed OEL acts as a Vo™ reservoir and locally

provides an exchange layer to sustain the successive CF rearrangements.
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7.3 Nb/Anodic Nb Oxide/Pt devices

Nb is a valve metal as Ta, Hf etc. and the cormedpmy oxide NbBOs, grown by anodizing, is
amorphous even though could crystallize at higimédion voltages and/or high electrolyte
temperature$’* Nb,Os is a highk n-type semiconducting material, unlike pure Ta &ffd
oxides that are more insulating. The Nb/anodic@dbsystem has been already studied as
bottom electrode/solid electrolyte junction for Re&R devices coupled with Au top
electrodes®’ % |n that case unipolar resistive switching of tlystem was shown, with a
resistance ratio of fOdemonstrated with both dc and pulses measuremants,good
retention properties. Generally speaking,Gfhas been extensively studied as electrolyte
for ReRAM and various results have been reportegolér switching®>?* threshold
switching®®2'" and analog switchiff depending on oxide thickness, stoichiometry and
electrodes materials.

As for anodic TgOs and anodic Hf@based devices, anodic Nb oxide was grown to three
different formation potentials (5, 10 and 20 V vg/AgCl), thus devices with three different
oxide thicknesses have been tested.

Very low yield has been found for anodic /l3-based devices, regardless of oxide thickness,
so that a low number of devices has been testeg $ive easy irreversible breakdown of the
electrolytes during the FORMING step. For 5 V awddb oxide device no reliable resistive
switching has been found, whilst for 10 V and 2@Nodic oxides-based devices resistive
switching has been proved. Two examplesl-&f characteristics of Nb/10 V anodic Nb
oxide/Pt fox = 23 nm) cells are shown in Figure 7.18. In Figu8{a) a current compliance
of 5 mA was applied during SET cycles; SET and RESET processes are quite stable with Vsgr
equal to 1.2 V and/reserequal to - 0.82 V, thus higher switching voltageth respect pure

Ta and pure Hf oxides-based devices. Thegesweeps are probably the best cycles recorded
for this system; in fact, very unstable LRS and HRS states were usually found, with high
switching voltages and not reproducible cycles. &deer, LRS is quite ohmic between 0.5
and - 0.5 V with the current that sharply increasggsroaching/reser This kind of behaviour

b,214

was also reported using Ti or Al electrode instefdll i.e. materials that, as well as Nb,
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are not noble metals and thus probably lead to the formation of a OEL at the metal/electrolyte

interface.
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Figure 7.18 Resistive switching behaviours found for Nb/10 V anodic Nb,Os/Pt cells.

Nevertheless, a good resistance ratio Ropg/Ron of ~ 200 was estimated at READ voltage of
0.1 V during the I-V sweeps and thus higher than those estimated for anodic Ta and Hf oxides-
based cells. In Figure 7.18(b) a different behaviour of this system is reported. The LRS is not
ohmic, it is highly semiconducting and seems to tend to a threshold switching behaviour, at
least for positive polarity.

The same electrical characterization has been carried out for the system with the thickest solid
electrolyte, 20 V anodic Nb oxide (dox = 45 nm), and the standard /-V sweeps recorded are
reported in Figure 7.19. As it is possible to see, the cycles characteristics seem to be
independent on the solid electrolyte thickness, as reported in the previous sections for the
other systems. The 20 V anodic Nb oxide-based cells resulted to be the most stable among
those studied with a quite narrow distribution in Vggr, Vresgr as well as in Ron and Ropr
resistance values. Also for this device, a drift toward a threshold switching behaviour was
found and, in this case, it seems more pronounced when the current compliance applied

during the SET cycle increases (see Figure 7.19(b)), despite a huge variability in Vggr value.
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Figure 7.19 Resistive switching behaviour of Nb/20 V anodic Nb,Os/Pt cells.

Moreover, this drift was not controllable in any way so that Nb oxide-based devices resulted

the less stable, reproducible and reliable among the studied cells.

7.4 Metallic Alloy/Anodic Mixed Oxide/Pt devices

In the case of metallic alloys, anodizing process leads to the growth of a mixed oxide whose
composition strongly depends on the transport properties of the involved cations and anions
(see Section 2.1.2). Therefore, anodizing metal alloys can be a valuable route to obtain oxides
with tailored properties, such as band gap, dielectric constant and so on, exploiting and
mixing the good properties of the pure “partner” oxides. Moreover, if the ions involved in the
growth of the mixed oxides have strong differences in transport numbers, layered oxides
could be obtained in a reliable and controlled way. This is one of the advantages of the
anodizing process relating to metallic alloys. In this Ph.D. work, different metal alloy/anodic
mixed oxide/Pt systems were studied; in particular, Hf-4at.%Nb was anodized to 5, 10 and 20
V vs Ag/AgCl whilst Al-91at.%Ta, Al-62at.%Ta, Al-42at.%Ta and Al-20at.%Ta were
anodized to 5 and 10 V vs Hg/HgO with all the systems took in contact with top electrode Pt

pads to study the resistive switching properties of the grown mixed oxides.
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Starting from Hf-4at.%Nb system, in Figure 7.20 I-V sweeps, recorded by changing the

current compliance during the SET cycles, for 5 V and 20 V mixed oxide-based devices are

reported.
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Figure 7.20 [-V sweeps recorded with different applied current compliances relating to (a) Hf-4at.%Nb/5 V
anodic mixed oxide/Pt and (b) Hf-4at.%Nb /20 V anodic mixed oxide/Pt devices.

It is important to say that the composition of the mixed oxide, in this case, is the same of the
metallic alloy, without any enrichment or layered structure (see Section 6). Despite a not so
high yield of these samples, it was possible to obtain reproducible and reliable bipolar
resistive switching, demonstrating also the possibility of multilevel switching changing /cc.
Furthermore, the presence of a small amount of Nb in the oxide matrix does not seem to
influence -V sweeps, in term of Vsgr, Vreser and resistances values, with respect to that
obtained for pure Hf oxide, reported in Section 7.2. The most stable sample remain, as in the
other cases, that one with an intermediate oxide thickness, i.e. 10 V anodic mixed oxide-based
cells. For these samples, it was possible also to test the devices with long-lasting

measurements, e.g. 10° I-V cycles and retention test, shown in Figure 7.21 and Figure 7.22

respectively.
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Figure 7.21 (a) 10° -V cycles related to Hf-4at.%Nb/10 V anodic mixed oxide/Pt cell and (b) resistance window

during cycling the device. A current compliance of 2 mA, only for positive polarity, was applied during this
measurement.

Ron and Ropr keep a large enough window during the 10° consecutive cycles, with a ratio > 5
as average, with peaks of 10 - 12 at the end of the measurement when HRS resistance
increases whilst LRS resistance is very stable all over the time. Having a look to the /-V
characteristics, Vsgr has a larger distribution of values with respect to that of pure anodic Hf
oxide-based cells and, as said, Ropr increases during the measurement time. Thus, the
presence of Nb into the oxide has some influence on long-lasting behaviour of the cells,
leading to a minimum degradation of the performances (see the huge difference in /-V cycle
between the 1% and the IOOOth). Nevertheless, retention test shows that, at least for 10* s, LRS
is very stable without any sign of degradation (see Figure 7.22). As for every retention test,

Icc was changed during the SET cycle preceding the measurement and, after the test, RESET

process was verified to be successful and reliable.
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Figure 7.22 Retention test for two different current compliances applied during the SET cycle preceding the test.

The other systems involving mixed oxides are based on Ta oxide and an increasing content of
Al, from 9at.% to 80at%. As deeply discussed in literature and in Section 4, the composition
of the mixed oxide is equal to that of metallic alloy and the presence of Al into the anodic
layer increases the insulating character and leads to the reduction of the dielectric constant.'"

In Figure 7.23 CV measurements and 10° consecutive I-V sweeps, relating to the Al-
91at.%Ta/10 V anodic mixed oxide/Pt cells, are reported. Regarding cyclic voltammetries
recorded before any resistive switching phenomena (see Figure 7.23(a)), the curves are more
noisy with respect to those shown for pure anodic Ta oxide system but the shape, and the
peaks position, is very similar. Moreover, the sweep rate used to obtain these curves is as high
as for pure Ta oxide system, i.e. 900 mV s, because lower sweep rates led to much more
noisy measurements. Regarding the /I-V sweeps (Figure 7.23(b)), the system look very stable
all over the measurement time with a narrow distribution of Vsgr (0.5 — 0.75 V) and a very
narrow distribution in Vrespr. Also LRS and HRS keep almost constant values during the

measurement ranging between 260 - 320 Q and 4700 - 9000 Q respectively. The latter result

leads to higher Rorr/Ron values with respect to anodic Ta oxide-based devices.
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Figure 7.23 (a) Cyclic voltammogram of Al-91at.%Ta/10 V anodic mixed oxide/Pt cell recorded with a sweep
rate of 900 mV s'. The measurements were performed in a proper voltage range (between -2 V and 3.6 V) in

order to avoid the first SET process in the device. (b) 10° consecutive I-V sweeps with Icc = 2 mA.

For this system, it was also possible to obtain different LRS values by changing /cc during the

SET cycle, demonstrating at least six different low resistance states, as shown in Figure 7.24.
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Figure 7.24 I-V sweeps recorded with different applied current compliances for Al-91at.%Ta/10 V anodic mixed

oxide/Pt cells.
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The weakness of the system is surely the too low yield; in fact, only 10% of the tried cells
were correctly formed showing reliable bipolar resistive switching and were not irreversibly
broken. Therefore, from performances point of view, the presence of small amount of Al
seems does not influence too much the excellent characteristics of pure anodic Ta oxide-based
devices but strongly influences the cells yield. The latter consideration needs further
investigation.

Similar results have been obtained for the characterization carried out of the Al-
62at.%Ta/anodic mixed oxide/Pt cells, as shown in Figure 7.25, in which 10° consecutive I-V

sweeps and multilevel switching are reported.
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Figure 7.25 (a) 10° consecutive I-V sweeps with Icc = 2 mA and (b) -V sweeps recorded with different applied
current compliances for Al-62at.%Ta/5 V anodic mixed oxide/Pt cell.

In this case, the Ropr value is averagely higher during the 10° I-V sweeps with respect to the
systems comprising oxides with higher Ta content; in fact, it ranges between 4300 and 26000
Q confirming that the higher Al content increases the insulating character of the resulting
anodic layer, whilst almost same values for Ron are found, between 300 and 430 Q.
Regarding Vsgr and Vresgr, the former has almost the same values distribution whilst the
latter has a larger distribution with respect higher Ta content oxides-based devices. The cells

yield is slightly higher with respect to the system with Al-91at.%Ta anodic layer (i.e. 33 %)
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but not high enough to carry also long-lasting measurements.

Regarding Al-42at.%Ta/anodic mixed oxide/Pt cells, no resistive switching has been detected,

since the FORMING process led, every time, to the irreversible breakdown of the solid

electrolyte.

Something more and better has been detected in the case of Al-20at.%Ta/anodic mixed

oxide/Pt system. In particular, for the 10 V anodic layer-based devices, bipolar resistive

switching has been detected as shown in Figure 7.26(a).
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Figure 7.26 (a) 20 consecutive I-V sweeps with Icc = 1 mA and (b) typical behaviour of the Al-20at.%Ta/anodic

mixed oxide/Pt cells.

The resistance ratio is lower with respect to the other systems studied in this work but the

reproducibility is good. Unfortunately, this is not the typical behaviour of the cells comprising

the mixed Al-20at.%Ta oxide. In fact, during the polarization for positive values, the current

usually does not reach the current compliance (i.e. a complete SET process) so that Vsgr

strongly increases and, consequently, Ron decreases (see Figure 7.26(b)). The measured

current for negative polarities is higher than Icc and Vresgr does not reach a stable value

during consecutive cycles leading to an unstable resistive switching of the junction. This

behaviour seems to be random so that it is not possible to control and, thus, have a stable and

reproducible resistive switching.
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7.5 Concluding Remarks

The potentialities of metal/anodic oxide as bottelactrode/solid electrolyte for ReRAM
devices have been shown.

For Ta/TaOs/Pt system based on electrochemically preparedkitled—V cycling and pulse
endurances have been demonstrated for at ledsantD 18 cycles respectively, with high
stability and low dispersion of SET and RESET wgdis and excellent data retention. Stable
resistance window and capability for at least ndistinguished LRS levels have been
achieved. Switching times in the ~ 20 ns range weraonstrated. Moreover, the influence of
sweep rate and of electrochemical fabrication teglenhas been shown, leading in any case
to reliable and reproducible resistive switchindpeTpresence of moisture inside the oxide
matrix has been demonstrated as one of the crab&acteristic in order to have reliable
FORMING processes and not irreversible anodic mpeeakdown.

The reliability of Hf/HfQ,/Pt system based on electrochemically preparedxidfiechas been
also demonstrated, showing reproduciblé 1¥ cycles and good data retention for at least
10* seconds. The possibility to have differ@a states has been investigated demonstrating
the capability for several distinguished levelscémtrast, the Nb/NJ®s/Pt system has poorly
reproducible resistive switching characteristiegjardless of the anodic layer/solid electrolyte
thickness, with a not clear possible drift to thid switching behaviour, as typically
reported in literature for Nb oxide in ReRAM de\sce

The possibility to tailor solid state propertiestioé anodic oxides through anodizing metallic
alloys has been applied also to the ReRAM devee$hat different metal alloy/anodic mixed
oxide/Pt systems have been investigated. In the adsHf-4at.%Nb-based cells, the
performances are very similar to that reportedoime Hf oxide-based devices with a possible
degradation for long-lasting measurements. Al-Taetiianodic oxides have been tested as
solid electrolytes and the performances confirmekeellent behaviour of Ta oxide, at least
for Ta-rich layers, by increasing the resistant® @due to the more insulating character of the
Al-containing oxides. In contrast, for Ta-poor amodyers, the performances are not so good

despite in some case reproducible resistive switchas been detected.
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A comparison between the resistive switching patarseof the different investigated
materials is reported in Table 7.1.

Table 7.1Resistive switching parameters of the materialestigated in this Ph.D. work. These values are
related to consecutiveV sweeps withcc = 2 mA except for the measurements related tatioglic oxides
grown on Nb and on Al-20at.%Ta in whitd: =5 mA and 1 mA respectively.

Anodic Oxide Vser/ V Vgreser /' V Rorr / Ron / # cycle:

(max.)
Ta 0.45-0.65 -0.55--0.6%350-3100 250 - 320 1000
Hf 0.48 -0.62 -0.59 —-0.72760 — 1450 260 — 400 1000
Nb 1.2 -0.82 30000 150 5
Hf-4at.%Nb  0.45-0.81 -0.75--1 7400-1820 4%06 1000
Al-20at.%Ta 0.50-0.80 -0.55 3150 — 2900 560 20
Al-42at.%Ta n.d. n.d. n.d. n.d. n.d.

Al-62at.%Ta 0.50-0.85 -0.65—-0.78000 — 4300 300 - 430 1000
Al-91at.%Ta 0.50 -0.75 -0.55 9000 - 4700 260 —320 1000

The low yield of some devices needs further studied investigation to produce more
reliable cells and possible techniques, such asnaug droplet cell, needed to be studied to
fabricate patterned anodic oxides to be integret€eMOS technology.
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8 Conclusions and Perspectives

This Ph.D. work was focused on the preparation legctechemical oxidation, namely
anodizing, of highk thin oxide films, suitable to be used in sevetat®onic devices such as
electrolytic capacitors and, in particular, resistswitching devices.

The first part of the research activity was devatednderstanding how the anodizing process
parameters, such as electrolyte composition, graath and formation voltage, and the
metallic substrate composition can influence tihecstiral and the electronic properties of the
anodic oxides. For this purpose, pure valve metald valve metals alloys with several
compositions, deposited by magnetron sputteringgtass substrate, were anodized in
different anodizing conditions.

Electrochemically prepared Hf oxide, Al-Ta and Hb-Rixed oxides were then characterized
by both in-situ techniques, such as Photocurrent Spectroscopy HEedtrochemical
Impedance Spectroscopy, aextsitutechniques, such as Glow Discharge Optical Emissio
Spectroscopy, X-Ray Diffraction and Transmissiorediion Microscopy, in order to get
information on how growth parameters are correlateith the structural (thickness,
crystallinity, composition) and solid state (barapgflat band potential, dielectric constant)
properties of the anodic layers. These charactaizallowed to understand that, anodizing
in ammonium biborate solution could lead, in certabnditions, to incorporate N into Al-Ta
mixed anodic oxides or that anodizing a Hf-Nb allejgh a small amount of Nb leads to
prepare a crystalline oxide with a higher dielectonstant with respect to pure Hf oxide.

The second part of the research activity was deivtiiedemonstrate that metal/anodic oxide
interfaces can be suitable bottom electrode/sdédtmlyte junctions for resistive switching
devices, as ReRAMSs, and therefore anodizing caa badiable route to prepare oxide thin
films for electronic devices. In order to test thetal/anodic oxide junctions performances, Pt
top electrode was deposited on the surface of arlagers, being Pt one of the most common
electrode used in ReRAM devices. Electrical charaztion was carried out dyV cycling
and pulsed measurements, in order to study staliitterms of SET, RESET voltagdion
and Rorr values) as well as endurance and data retentiothefdevices. Among the
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investigated systems, Ta/anodic,Ogbased cells demonstrated to be the most suitable f
ReRAMs showing high stability, low dispersion of BBnd RESET voltages, excellent data
retention, capability for at least nine disting@diRoy levels and switching times down to 20
ns.

Research activity conducted during the Ph.D. tlyesgs showed that anodizing process is a
valuable way to prepare highexide thin films starting from valve metals substrand that it

is possible to obtain precise and controlled charatics of the oxide layers by changing the
process parameters. Furthermore, it was demordtthée metal/anodic oxide systems are
suitable and reliable bottom electrode/solid etdgte junctions for ReRAM devices.
Nevertheless, further studies and investigationreeeessary in order, first of all, to better
understand the causes of the low yield of someiamddes-based cells. Moreover, it will be
necessary to design a fabrication process to hawei@oxide-based cells at nanometre scale
involving special techniques to grow anodic oxi¢eg. the use of a droplet cell) that could
lead also to crossbar structures. Finally, moreatharizations on anodic oxides, before and
during the operation, are needed to better undetste@hat are the physical processes

underlying the excellent performances of the anodides-based devices.
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