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1 Synopsis

The metal/oxide/conducting polymer junctions arebrity inorganic/organic
structures usually employed in several electrongvigks such as electrolytic
capacitor, inorganic-organic thin field effect tsistors, organic light emitting diode,
sensors and solid state photovoltaic or photo+glebemical cells [1.1]. This
widespread fields of application are mainly dughe possibility to simply modify
the electronic properties of conducting polymeatttan show a semiconducting or
metallic behaviour depending on the degree of dppior instance, in solid state
electrolytic capacitors, which are passive comptsieim electronic circuits,
conducting polymers are used in their metallic estdd form a so called
Metal/Insulator/Organic Metal junction (MIM) [1.2], while they work in their
semiconducting state in Metal/Oxide/Organic Semitmtor junction (MOg,), to
be integrated in Field Effect Transistors, acti@mponents of electronic circuits
[1.3].

The performances of both electrolytic capacitor B are mainly controlled
by dielectric properties of the employed oxideseTise of high k material is
mandatory in order to get solid state electrolyt&pacitor with high specific
capacitance, and to reduce the operating voltagéhiof Film Transistor. But, in the
same time, it is important to keep very low thekége current that can have
detrimental effects on the dielectric. Promisinghdidates with high dielectric
constant and low leakage current are wide band gagorphous (no grain
boundaries) oxides, more specifically, valve metafsles, that can easily prepared
by anodizing.

This work is focused on the electrochemical fakiica of
metal/oxide/conducting polymer junctions to be gngged in electronic devices, i.e.
solid state capacitors and thin film transistorughthe first part of the research
activity has been devoted to the preparation angipb-chemical characterization
of high k oxides with good dielectric propertiese\&elected anodizing as versatile
low temperature wet electrochemical process to groadic films of valve metals

and valve metal alloys [1.4]. The anodizing of \eataetal alloys gives the chance to



prepare mixed oxides, whose electronic propertias be tuned by properly
selecting the partner metals and the anodizing itond (bath compositions, and
final voltages). More specifically, we prepared Wa; Nb-Al and Ti-Si mixed
oxides by anodizing the corresponding magnetrottesmd alloys. AlO; and TaOs
are wide band gap (6.2 eV and 4.1 eV, respectiviellator commonly used as
dielectric in electrolytic capacitoe ( 9 for alumina and 30 for tantala). In contrast,
Nb,Os is a n-type semiconductor with a lower band gag €/) but a sensitively
higher dielectric constant (~ 57). Thus, Nb-Ta axt-Al mixed oxides are
anticipated to have properties that lie betweersahof pure T#Ds or Al,O; and
Nb,Os, which suggest that an improvement on the tovalue of TaOs andAl,O;
and a lowering of the high leakage current of@®lxould be achieved.

A high dielectric constant is also reported foanitm oxide (up to 53).
However, anodic Ti@films develop with a high population density advis on high
purity titanium in aqueous electrolytes. Previousrks have shown that the
development of flaws in anodic TiQGs associated with crystallization of the film
during anodizing. The crystalline regions are régbrto enable oxygen evolution,
due to their increased electronic conductivity witbspect to the amorphous
counterpart. The consequent increased pressurerizanto film breakdown, which
is detrimental for capacitors. Thus, anodic titamioxide-based capacitors have not
been realized practically despite the large penriitt of the oxide. Several
strategies have been proposed in the literaturdinider or delay the onset of
crystallization during anodizing of T It is widely accepted that the onset of
crystallization is delayed by the incorporationfofeign species inside the oxide.
These species can be incorporated into the anibaiis by alloying to titanium small
amount of another element, namely silicon. Theesfave selected to grow and
characterize anodic films on magnetron sputteresiEilloys.

All the three listed systems, i.e. Nb-Ta, Nb-Al ahdSi mixed oxides were
characterized by electrochemical, photoelectrocbaini and impedance
measurements. This in situ characterization, supgdry ex situ, Glow Discharge
Optical Emission Spectroscopy, X-ray Photoelectgpectroscopy and Rutherford

Back Scattering, allowed getting information on #iodid state properties (band gap,



flat band potential, conductivity type, dielectdonstant) of the mixed oxides as a
function of the base alloy composition and anodjzionditions (formation voltage,
growth rate, anodizing solution). Such informatiowhich are of primarily
importance in view of possible application of thgrides in electronic devices,
resulted to be very useful to assess some thealretispects relating to the
dependence of the band gap of mixed oxides on twitposition as well as to
influence of the amorphous nature of the film orithphoto-electrochemical
behaviour and on their impedance.

In 1997 a correlation between the optical band g#pes of crystalline oxides
and the square of the electronegativity differeoctheir constituents was proposed
[1.5]. This correlation was extended to mixed oszsidintroducing an average
cationic electronegativity. Hence, a quadratic dejemce of E on the oxide
composition is predicted. The band gap values estich for Nb-Ta and Nb-Al
mixed oxides were used to test this correlation.

The other important point which was deeply stugiedains to the influence of
the amorphous nature on the photo-electrochemiebbyiour as well as on the
impedance of the investigated anodic films. For mahous oxides a distribution of
allowed localized states inside the mobility gapeipected which has significant
effect of the transport properties of the chargei@as generated under irradiation,
and strongly influences the response to alternaigeals employed to study the
impedance of the oxides. Thus, we have describeldtested the Braun-Onsager
theory to model the transport of photo-carriersiamorphous inorganic materials,
and we have studied the dependence of admittanttee dhvestigated oxides in the
frame of the theory of amorphous semiconductor Bkhdbarrier.

In the second part of this work, the deep knowlealgéne solid state properties
of the investigated oxides was used to design #oplertrochemical process able to
allow the electropolymerization of Edot on a nohdocting substrate. Since we will
to prepare oxides with good dielectric propertigs,low leakage current, we expect
that the electrochemical growth a polymer layertloa investigated films cannot
occur. Therefore, we designed a photoelectrochémpalgmerization step to allow

the growth of the selected conducting polymer, Ag@&DOT, on the oxides. This



step was followed by a de-doping process to bitregpgolymer from its metallic to
its p-type semiconducting state to test the peréorwe of the prepared

metal/oxide/polymer junction in thin film transisto
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2 Theoretical Background

2.1 Introduction

In this chapter we recall some concepts relatinth&o characterization of the
solid state properties (band gap, flat band patgntionductivity type, dielectric
constant) of anodic films grown on valve metal amalve metal alloys by
Photocurrent Spectroscopy (PCS) and DifferentiainAthnce measurements. More
details about these methods can be found in r&fs:4.4].

2.2 The structure of M/El and SC/EI interfaces athe equilibrium

The structure of the metal—-electrolyte (M/El) areigonductor— electrolyte
(SCI/EI) interfaces has been the object of a longsef studies [2.5-2.13]. These
concluded that the main differences between thectsires of the two electrode—
electrolyte interfaces can be traced to the differelectronic properties of the
electrodes [2.14-2.21]. A brief summary of the sabjwill be given, in order to
introduce some concepts and to derive some eqggafmmuse in explaining the
electrochemical and photoelectrochemical behaviisuoh interfaces.

The potential drop across a M/EI interfad@) ¢, is given by (see Fig. 2.1) :

ADyer = { P - Quil-Xu)} + {( Qei(-Xn) - Pui(- )} 2.1
where @y and @, represent the Galvani potential in the metal aedtelytic

phase, respectively, whilst the notation within tirackets identifies the distance

from the metal surface assumed as the origin oX tnas.
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Fig. 2.1 The potential drop across a M/El interface

A positive x direction has been assumed from théasa towards the inner of
metal, so that 1xis the coordinate of the outer Helmholtz plane FPHn absence
of ions specifically adsorbed this last represéimésdistance of closest approach of
solvated ions in solution to the metal surface. Tfimite distance into the solution
means simply the bulk of the solution, where thengdiffuse layer vanishes. In the
previous relationship the Galvani potential in thelk of the solution is usually
assumed as reference potential level, being a gdlysjuantity not accessible
experimentally. This difficulty is a general onedahis avoided in electrochemistry
by using a reference electrode, respect to whichcase measure the Galvani
potential drop at any single interface.

This implies that the measured electrode potenfigljs really the sum of three
Galvani potential drops at the metal/solution, Sohireference electrode and

reference electrode/contact metal interfaces [2.22]
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UE = A(DM,el + A(Del,ref + Aq)ref,M' 2.2

where the contact metal M' has the same physicoridaé properties of the
metal M.

By considering that the Galvani potential drop ateference electrode is
constant, it comes out that any change in the reléet potential, and then any
modification in the charge distribution, can beihtited to the M/EI interface under
study. Moreover, at the electrochemical equilibritia potential drop at the M/EI
interface is entirely localized in the solutionesidvhere the excess of ionic charge in
the compact double layer (Helmholtz layer) andhe diffuse double layer (Gouy
layer) counterbalances the excess of charge (dgpassign) at the metal surface. In
absence of a net circulating current across therfacte, an electrical equivalent
circuit consisting of two capacitors in series agus for the electrical behaviour of
such an interface [2.5-2.11]. This simple moddhtérface has been used frequently
in studies on the double layer structure at thelliffterface. More refined models of
the metal/solution interface have been proposed, thay can be found in refs.
[2.12-2.13].

The SC/EIl interface does not present meaningfdéminces from the solution

side, but it changes drastically from the electrside, as reported in Fig. 2.2.
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In this case a new term in the Galvani potentiapdappears, so that we can

write :

A® o= {@d®) - @0)} + {®d0) - Qui(-X1)} + { Pei(-Xn) - Qui(- )} 2.3

where the first term in the right hand of eq. 2A8sc = {@s{) - @{0)},
represents the potential drop within the SC elegtroAt variance with the M/EI
interface, owing to the much lower concentration nabbile electrical carriers
(electrons and holes for n-type and for p-type semductors, respectively), a
space-charge region is now appearing in the imtefi&C phase (see fig. 2.2).

In equilibrium conditions the potential drop insittee semiconductor can be
calculated by solving the Poisson equation (seeweunder the same conditions
used for an ideal M/SC Schottky barrier and byrtgkinto account that the potential
drop within the semiconductor is only a part of ttwtal potential difference
measured with respect to a reference electrodeedder, by taking into account
that in presence of a sufficiently concentrated0(2 M) electrolytic solution the
potential drop in the Gouy layer is negligible, #ruivalent electrical circuit of the

interface in electrochemical equilibrium can beresgnted again by two capacitors
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in series: Gc, for the SC space-charge layer, angd for the Helmholtz layer [2.14-
2.16]. The value of & changes with the width of space-charge regioniwithe
semiconductor, & and it is a function of the total potential dtwds. within the SC.
The hypothesis of absence of surface states aS@i&l interface has been
made in order to simplify the analysis. In this eaand for not highly doped
semiconductors, the total potential drop in the @ce-charge accounts for the
variation of electrode potential on going from th& band potential conditions
(AP, = 0) to depletion conditiond\Ps. > 0 for n-type SCs) when a space charge-
region, having width ¥, is formed inside the semiconductor. In the cdsp-type

material a space-charge layer develops inside thioEAD,. < 0.

2.3 - Determination of space-charge width in crystine SCs and Mott-
Schottky equation

In order to calculate the dependence gbx Ad,. we need to solve the Poisson
equation, which relates the Galvani potential dab@ point x of the space-charge

region, ®(x) = {@dX) - @{)}, to the charge density inside the semiconductor,
pP(X):

d%e o(X)
— T T 2.4
dx 20

wherep is the total density of charge (mobile and fixewjde the space-charge
region,e is the dielectric constant of SC afids the vacuum permittivity. The usual
boundary conditions of zero electric field and z&alvani potential in the bulk of
semiconductor (@/dx(«) = 0 and®ds{) = 0) can be assumed. This choice implies
that P(x) = {@:{X) - )} has opposite sign with respect to the electrotibal
scale of potential.

The width of the space charge regior, &8s well as the potential distribution
inside the semiconductor under reverse polarizatibthe SC/EI junction can be

easily found by using the Schottky barrier modethaf junction and by solving the

14



Poisson eq. 2.4 under depletion approximation andthe hypothesis of
homogeneously doped semiconductor with fully iodignors N (for n-type SC)
or acceptors N (for p-type SC) [2.14-2.16, 2.23]. The depletioppwximation
implies that the net charge density varies fromzn® value of the bulk to the value
+eN; (or -eN, for a p-type SC) at the depletion edge.

As a consequence of such a charge distributioimean variation of the electric
field is obtained according to the Gauss equatwnich relates the electric field

intensity at the surface of the SG,  the charge density :

_ eNgXsc
&€y

Es 2.5

For an electric field varying linearly inside thease-charge region, the

potential drop inside the SC can be calculated as :

2
Ao = EsXsc _ £&Es
scT 2 2eN,

2.6

from which a dependence of & (A®)? is derived.

By relaxing the depletion approximation and by makinto account a more
gradual drop of the electron density at the demhetedge, we get for ;Ethe

expression [2.23] :

172 1/2
£ [ﬂ] (Aq,sc_ﬂj 2.7
&€, e
showing that the depletion approximation differenfr the exact one for the
thermal voltage contributiorgi/e.
The dependence of the width of the space-chargerré@m the potential drop,

Adsc, can be obtained by using egs. 2.5 and 2.7][2.23
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172 1/2
2&€, KT
Xsc = AD . ——— 2.8
SC [ eNy ] ( sCT g j

This expression can be used for deriving also thgeddence of the space-
charge capacitance frofyibg, [2.15, 2.19] :

1/2 -1/2
EE, ggeN T

The previous relationship is the well known Mott8tky (M-S) equation,
which can be employed to derive the flat band pakrUgg, of the SC/EI junction.
For this aim we need to relate the Galvani potéxiiap within the semiconductor
to the measured electrode potential, U

By defining the flat band potential of the SC/Ehgtion as the electrode
potential at whiclA®,, = 0, in absence of surface states we can wrisngtother

electrode potential :
ACDSC = UE - UFB 2.10
where U} and U are measured with respect to the same refereectrale.
By substituting eq. 2.10 in eqg. 2.9 we get thelffoam of the M-S equation, usually

employed for getting the flat band potential ané #nergetics of the n-SC/EI
junction [2.15,2.19] :

2
Csc EEgeNy e

The determination of the flat-band potential is fingt step in the location of the

energy levels at the SC/El interface. Ongg I3 known, it is possible to locate the

16



Fermi level of the SC with respect to the electeoaltal scale by means of the
relationship E = -|e|Wg (rif, abs) (see ref. [2.1]).

2.4 Amorphous Semiconductor Schottky Barrier Theory

In order to understand the main differences inltbkaviour of a-SC Schottky
barrier (amorphous semiconductor Schottky barneith respect to the case of
crystalline semiconductor (c-SC) it may be helpfulcompare preliminarily the
DOS (density of electronic states, N(E)) distribatin both materials (see fig. 2.3).

With respect to the impedance measurements theéeeges of deep tails of
electronic states within the gap has a noticeatfleaeénce on the shape of space
charge barrier as well as on the frequency respohseich barrier [2.24]This is
better evidenced in Fig. 2.4 where the energetica-type a-SC/El interface is
reported, under the simplifying hypothesis of canst DOS and spatially
homogeneous material.

The main difference with respect to the case ostafiine SC is that the net
space charge depends on both the ionized impudtidsthe localized states within

the mobility gap.
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statesEc andEy are the conduction and valence band mobility edgspectively.
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The electronic states lying into the gap (see Rgl) do not follow
instantaneously the imposed ac signal, but theyl rredinite response time. This
response time depends on their energy positionnegpect to the Fermi level and it
can be much longer than the period of the ac sigaging angular frequenay. In
fact an exponential relaxation time, for the capture/emission of electrons from

electronic states E below: s assumed to hold according to the relationship:

r=r0ex;{EC_EJ 2.12
KsT

where, at constant temperaturg,is a constant characteristic of each material

usually ranging between 16- 10 s. This means that, at constant band bending,
with changing frequency the levels which can follthe signal change too. On the
other hand, at constant ac frequency, by chandiagptind bending the more deep
levels of depleted region lying below a criticabéé will not change the occupancy
with a.c. signal. According to eq. 2.12, by deciegshe energy of the localized
state in the gapx increases sharply so that deep states (for wiich> 1) do not
respond to the ac signal.

By assuming a full response for states satisfylmydonditionwt << 1 and a
null response for states having >> 1, a sharp cutoff energy level,,Eeparating
states responding from those not responding tcitl@al, can be defined from the
condition:wr = 1, as:

Ec — E, = -kgTIn(wro) 2.13

According to Fig. 2.4 the intersection of, Bvith the Fermi level of material
determines a characteristic point in the barrigg, at which corresponds a band

bendingyc given by:

EEDLIJC = [EDLIJ(Xc) = 'kBT In(wro) - AEF 2.14

20



whereAEr = (Ec —Ef)upui- Xc IS now a distance in the barrier which changehb wit
changing frequencyw, and band bending)s. In particular, ¥ increases with
increasing frequency, at constant polarizationwith increasing polarization at
constant frequency. From the theory it comes catttie total capacitance is sum of
two series contribution coming from the x g and x > x regions of the a-SC. The
contribution to the conductance comes mainly frdma tegion around x =cx
dividing the total response from null response argi In the hypothesis of a

constant DOS the total capacitance is given btime of the two contributions:

1 1 X 215

CWs @) CWO) e

where C(¢c 0) =+/£50€’N  and x = %In% . After substitution the
C

following relationship is obtained for the totalpeeitance:

-1
ClasWs, @) = w/s,serN(u InZ_SJ 2.16
C

whilst the parallel conductance of the junctiogiigen by:

-2
GiesWs, @) =@|€|¢C\/55062N(1+In%) 2.17
c

The analytical solutions for the admittance compimeof the junction have
been derived under conditions thp§ > Yc > 3kgT/e and at not too high band
bending (Low Band Bending regimepg< (Ey/2 - AEg) [2.25-2.29 and refs. therein]

It has been shown that @& w) has a spectroscopic character with respect to
the distribution of electronic states within thepgavhilst variations in DOS cause

only minor changes in the @ w) vs potential plots provided that the DOS varies

21



little over an energy range ofgk. In previous equationg, is the vacuum
permittivity, e the absolute value of the electmwharge,e the film dielectric
constant andys the potential drop inside the a-SC as above.

In high band bending region, i. e. fig > Vg = (Ef/2 - AEg)/e, when a deep
depletion region at the surface of a-SC/EIl junddiappears, according to refs. [2.30-
2.32] (see Fig. 2.5) the total capacitance of baran be modelled as a two series

capacitance:

X
1 1 % 218

CWs@ CWg ) e

where the first term of eq. 2.18 represents the thawd bending contribution
calculated at the electrode potential where themiéevel crosses the mid gap
energy and coincides with eq. 2.15 after notatiohsstution. The second term
represents the capacitance of the deep depletiponrgoing from the surface to the
point x, of the junction (see Fig. 2.5), where a parabptitential distribution exists,

and is frequency independent.
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In the hypothesis of constant DOS an analyticalesgion has been derived for
Xq by Da Fonseca et al. [2.33], which allows to ge¢ tfollowing analytical

expression for the total capacitance:

1 1 Y 2
= In=2+ [1+—{pg - 2.19
Ches (@) &E‘OGZN e \/ Y, (‘/l l//g)

It comes out from eq. 2.19 that at high band banthe capacitance changes as
the square root of the band bending as soon asethe 2 Y/, becomes much
higher than 1. If this occurs a square root depecglédrom electrode potential can
appear in the capacitance behaviour which couldwatdfor the M-S like behaviour
observed, sometimes, for a-SC/EI junctions at bighd bending.

Under the hypothesis of constant DOS, N(E) = Ns ialso straightforward to
derive from the general expression ofjig(w), [see refs. 2.31-2.32] the following

equation for the conductance of the barrier [2.25]:

T -2
G IR o K Y 2
Hea(@.Us) = d C\IeeoezNEIn—i + /1+—g(¢s_wg)]

2.20a
More generally for non constant DOS :

2

Gugslwws) =t H%Vfofr &Ny ’\I(EF,\I_W[MZQ"" 1+wi(‘//s “//g)] 2.20b
c av c g

Egs. 2.19 and 2.20 have been derived under the sanuitions valid for the

LBB expression and they coincide with the previonss fonjis < .
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2.5 Photocurrent vs. potential curves for crystallne SC/EIl junctions: the

Gartner-Butler model

The first attempt to model the photocurrent behawvif a SC/EI junction under
illumination can be ascribed to M.A. Butler [2.34]ho adapted a previous model
developed by Gartner for the M/SC Schottky barf2B5] to the case of a SC/EI
interface. A close similarity between the Schotblayrier junction and the SC/liquid
interface was assumed in the model. The quangtdiiting of the experimental
photocurrentvs potential curves for n-type single crystal W&ectrolyte junction
under monochromatic irradiation, performed throuple Butler-Gartner model,
attracted the attention of many electrochemists) dévised in the Butler-Géartner
mathematical treatment an alternative way to get ftat band potential of the
junction, circumventing some of the difficultiedated to the M-S analysis. In this
section we will derive the theoretical expressidos the photocurrent in a
crystalline SC/EI junction as a function of theattede potential in the frame of the
Gartner-Butler model. The results will be used fmtting also the relationship
between band gap of photoelectrodes and quantuicieeffy of the junction at

constant potential.
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Fig. 2.6 Schematic representation of a crystalline n-typ@/EB interface under

Illlumination.

In Fig. 2.6 we report a schematic picture for sstaljine n-type SC/El interface

under illumination. In the figurep, (in cm? sec’), is the photon flux entering the
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semiconductor (corrected for the reflections lossethe SC/EI interface) which is
absorbed following the Lambert-Beer law. Accorditg this, the number of
electron-hole pairs generated per second and phitne at any distance from the

SC surface, g(x), is given by :

g(x) =®o a € 2.21

whereaq, the light absorption coefficient of the semicoaiu, is a function of
the irradiating wavelength. It is assumed that estzdorbed photon (having energy,
hv, higher than the optical band gap of the semicotmtuphotoelectrode, Jr
originates a free electron-hole couple.

In the Gartner model the total photocurrent codldcin the external circuit is
calculated as the sum of two terms: a migratiomtdy,, which takes into account
the contribution of the minority carriers generatet the space-charge region, and
a diffusion term, Ji, arising from the minority carriers entering thdge of the
space- charge region from the field free regiorr (%sc). No reflections of light at
the rear interface is assumed, so that all theriegtéght is absorbed within the SC.

Moreover, in the model it is assumed that minod&riers generated in the
space-charge region of the SC do not recombind,aiveing to the presence of an
electric field which separates efficiently the plggnerated carriers. The same
assumption is made for the minority carriers angvat the depletion edge from the
bulk region of the SC. In order to calculatg:,| Gartner solved the transport

equation, which for a n-type SC is :

2
dp0) p-tpo + g(x) 2.22

with the boundary conditions: p = p0 foexo and p = 0 for x = . In eq. 2.22,
p is the hole concentration under illuminatiog,tipe equilibrium concentration of
hole in the bulk of the (not illuminated) SC abg@ the diffusion coefficient of the
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holes. The zero value for p at the boundary ofdigletion region comes out from
the previous assumption that all the holes gengiate the space-charge region are
swept away without recombining. According to Gartrfer the total photocurrent

we can write :

dIO(X)} -
X X=Xsc .

X
Loh = larine + i = e_[osc g(x)dx+eD{

where e is the absolute value of the electroniecgshaBy solving eq. 2.22 in the
steady-state approximation for getting out therilistion of holes in the field free
region, and by substituting eq. 2.21 for g(x) ie thtegral of the drift term, we get

finally the Gartner equation for a n-type semicatdu[2.35] :

where L, is the hole diffusion length. The same equatiolisidor p-type SCs,
with D,, and L, (electron diffusion coefficient and diffusion lahg respectively)
instead oD, and Ly, and @ (electrons equilibrium concentration) instead ©f p

Eq. 2.24 was further simplified by Butler for thase of wide band gap SCs
(e.g., n-type WG@), where the concentration of minority carrieroithe bulk, g, is
very small. In this case, by using also eq.®Bxsc, he derived the Gartner-Butler

equation for the photocharacteristics of a cryistalSC/El junction [2.34] :

exr{— a'xscow/AqJSC—kbeTj
1_

2.25
P 1+al,
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In this equationxsc0 represents the space-charge width into the SG@retkcat

1V of band bending, anid,. = (Ug — Urg). It is easy to show [2.34] thatddx, <<
1 andal, << 1, the photocurrent crossing the n-type SQiferface can be written

as .

T2
I o = eq)oaxgc[UE “Ug _kg] 2.26

Eq. 2.26 foresees a quadratic dependence of thqiroent on the electrode
potential, which can be used for getting the flahdb potential. In fact, neglecting
the thermal voltage, a plot ofp,()2 vs Ug will be a straight-line which intercepts the
voltage axis at the flat band potentiakgU

By considering also the relationship between thsogition coefficient and
band gap of material, gEvalid in the vicinity of the optical absorptiohréshold
[2.19]:

12
hy-E

hv

with n depending on the kind of the optical trapsit between occupied
electronic states and vacant states of the semiwbmg from Butler eq. 2.26 it is

possible to derive the following expression for tfuantum yield :

o :/7h|/:A(h|/—Eg)”’2(|_i +x%/Ue —Up| )2.28

In the previous equation represents the collection efficiency, the optical
threshold for the onset of photocurrent of the tetete and L= L, or L, for n-type
or p-type SC, respectively. From eq. 2.28 it isgitule to get the optical band gap of
the material from the photocurrent dependence enméivelength (usually referred
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as the photocurrent spectrum of the junction ingthetoelectrochemical literature),

by plotting fihv)?"vshv at constant electrode potentialfUgg = const).

2.6 Photocurrent vs. potential curves for amorphousinodic
film/electrolyte junctions

Like for the electronic properties, the amorphoasure affects considerably
also the optical properties of materials. The ndifferences in the photocurrent
response of disordered thin anodic films with respe the case of bulk crystalline
semiconductors arise from the following facts.

a) The optical band gap of an amorphous materigl comcide or not with that
of the crystalline counterpart, depending on thesence of different types of defects
which can modify the DOS distribution (see fig.)2.3

b) At variance with crystalline materials, the gextion process of free carriers
by the absorption of photons having energy equaligirer than the optical band gap
of the film may depend on the electric field, owitythe presence of an initial
(geminate) recombination.

¢) The presence of reflecting metal/film and filtafgrolyte interfaces makes it
possible the onset of multiple reflections, even gbotons having energy higher
than the optical absorption threshold; this fadtjinates interference effects in the
photocurrent/sfilm thickness curves.

d) The small thickness of the film does make pdssihe optical excitation at
the inner metal/film interface, which can injectopdcarriers from the underlying
metal into the VB or CB of the anodic film (intefrq@hotoemission), or directly into

the electrolyte (external photoemission) in thesaafsvery thin films (1-2 nm thick).
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2.6.1 Optical gap in amorphous SCs

As for the first point, we recall the relationshiyptween light absorption
coefficient and optical band gap of materia), #alid near the optical absorption
threshold [2.19, 2.36]:

ahv = A(hv - Eg)n/2 2.29

where, for crystalline materials, n can assumeethfit values depending on the
nature of the optical transitions between occupsbectronic states of the VB
(Valance Band) and vacant states of the CB (CommtucBand). The optical
transitions at energies near the band gap of datlipe material may be direct or
indirect: in the first case no intervention of athparticles are required, apart the
incident photon and the electron of the VB; in seeond case the optical transition
is assisted by the intervention of lattice vibrasio

By assuming a parabolic DOS distribution (N(EE"?) near the band edges, in
the case of direct transitions n assumes valueal ¢égd or 3, depending on whether
the optical transitions are allowed or forbiddenttie gquantum mechanical sense
[2.19]. In the case of indirect optical transitidhe value of n in eq. 2.29 is equal to
41[2.19].

In the case of amorphous materials, owing to thieaxation of the k-
conservation selection rule, "no intervention ofopbns is invoked to conserve
momentum and all energy required is provided byitisedent photons" [2.36]. By
assuming again a parabolic DOS distribution invieiity of the mobility edges of
both the conduction and valence band (abqvand below E with reference to Fig.
2.3) it has been shown [2.37] that the followinkatienship holds :

2
ahyv = const( v - E;n) 2.30
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where Eg‘ = E. - E is the mobility gap of the a-SC. The exponent 2 is

reminiscent of the indirect optical transitionscitystalline material but now photons
interact with the solid as a whole: this type @niition in amorphous materials is
termed non-direct.

Because some tailing of states is theoreticallledeen for a-SC by every
proposed model of DOSEc;n represents an extrapolated rather then a realiz¢he

density of states.
In the presence of a DOS distribution varying liheaith energy in the ranges
Ec-Ex and B-Ey of Fig. 2.3c, it is still possible to get a similexpression of the

absorption coefficient [2.36] :
opt 2
ahy = const( v - Egp) 231

where Egpt now represents the difference of energy-E;) or (E-Eg) in Fig.

2.3c, whichever is the smaller, and the constastrass values close to 216V
cm®. The range of energy in which eq. 2.31 shouldd&l\s in the order of 0.3 eV
or less [2.36].

In order to distinguish between these two differantels of optical transitions,
giving both the same dependence of the absorptefficient on the photon energy,
we will refer to the first one as the Tauc appraadion for the calculation of the SC
mobility gap and to the second one as the Mott-Bapproximation for the SC
optical gap. When thaa(hv)®® vshv plots display a linear region larger than 0.3 eV
it seems more correct to interpret the data orb#sés of the Tauc model of optical
transitions.

In the case of anodic films on valve-metals, thecaited Urbach tail for the
absorption coefficient is frequently observed fdrofn energies lower than the
mobility gap, which follows the law :
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2.32

with y andaO constant. Such a relationship, which has beendda hold for
crystalline materials too, has been rationalizedhim case of amorphous SCs by
assuming an exponential distribution of localizedess in the band edge tails [2.38].

In interpreting the information provided by the icpt gap values, it is
important to recall the statement reported in MRutris book [2.36]: "A general rule
appears to be that, if the local atomic order i$ appreciably altered in the
amorphous phase, the gaps in the two states (aowspénd crystalline) are not
appreciably different”". This rule works better foaterials whose band structure is

mainly determined by the nearest-neighbour overlafegral (tight-binding
materials). The differencé&]" - Eg’ySt is in the range of 0.1 - 0.35 eV, in

agreement with the extension of the localized steggions near the band edges due
to the lattice disorder. Moreover, by taking intocaunt that a value of Ehearly
coincident with the mobility gap has been frequedirived from the Urbach plot,
it seems quite reasonable to suggest for suchsa oflaamorphous materials a band
model similar to that shown in Fig. 2.3b, with afpenentially decreasing DOS in
the mobility gap of the films at energies lying delE,. and above E

A mobility gap of the amorphous anodic film lowéxah the band gap of the
crystalline counterpart must be interpreted as ratication that differences are
present between the short-range order of the tvasgs A different short-range
order can imply the formation of a defective stuet with a high density of
localized states within the mobility gap as well dsnges in the density of the
anodic film, which is known to affect also the walof the optical gap in amorphous
materials [2.36, 2.37, 2.39, 2.40].
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2.6.2 Photoemission phenomena at the metal/anodiidm interface

In this section we discuss the role of the innettalfdm interface in the
generation processes under illumination for thiodaa films. In this case, regardless
of the wavelength of the incident light, a largaction of photons impinging the
oxide/solution interface arrive at the metal/filmdrface, where the electrons in the
metal surface can be excited to higher energy $eleglving vacant states below the
Fermi level of the metal. The fate of the excittates into the metal depends on the
occurrence of different physical deactivation pgsas at this interface. Apart the
thermal deactivation by scattering of excited etmsts with the lattice vibrations,
photoemission phenomena of the excited photocarofthe metal can be observed.

In the case of very thin anodic filmsy(d< 2 nm) external photoemission
processes become possible, by tunnelling of thetreles or holes excited at the
metal surface throughout the film. Although a hpletoemission process has been
suggested years ago in the case of a gold electmred with a very thin oxide
[2.41], the photoemission of electrons directlynfrthe metal to the ground state of
liquid water has been observed more frequentlyutnovery thin oxide films
covering metals [2.42-2.44]. When such an extegphatoemission process occurs in
absence of diffuse double layer effects or adsolbege molecules, it has been
shown that the emission photocurrent from the mitathe acceptor species in
solution depends on both the photon energy anéldwrode potential according to

the so-called "5/2 power law" [2.45] :

P (hV - hyy - eUe)S/2 2.33

where U is the electrode potential measured with respect treference
electrode and is the photoelectric threshold at £ 0. From eq. 2.33 it comes out
that the photoelectric threshold changes with tlederence electrode. By
extrapolating to 4, = O the plot of (,Jh)o'4 as a function of the electrode potential,

under irradiation with light at a fixed wavelengthe can derive the photoelectric
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threshold ky = hv - eU*(ref), where U*(ref) is the intercept potaitmeasured with
respect to the reference electrode employed.

In the case of thicker films ¢d> 5 nm), where the external photoemission
processes are forbidden owing to a very low prditplof tunnelling through the
film, the possibility of an internal photoemissiduae to the injection of photoexcited
electrons (or holes) from the metal into the CB V@) of the anodic film must be
considered. In such evenience the internal photentiremission varies with the

photon energy according to the so-called Fowler[ad5, 2.46] :

loh = const(hv - Eth)2 2.34

where E, is the internal photoemission threshold energyiciviban be obtained
from a plot of (;m)o'5 vs the photon energy. This threshold is a measuréhef
distance in energy between the Fermi level of tkéairand the edge of the film CB
(electron photoemission) or VB (hole photoemissidiije occurrence of electron or
hole internal photoemission in the case of insnptiilms is established by the
direction of the electric field, and in turn by tiedectrode potential value with
respect to the inversion photocurrent potentialalhsence of trapping effects, the
inversion photocurrent potential can be used terdahe the flat band potential of
insulating anodic films.

Obviously, egs. 2.33 and 2.34 can be referred taldbe photoemission yield
(Ipn/edq).

In the case of insulating anodic films on valve-atetinternal electron
photoemission processes are usually observed watigrdic polarization and under
illumination with photons having energy lower thifwe optical band gap of the film
[2.42,2.44].
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2.6.3 A photocurrent expression for the a-SC/EI juation

Due to the low mobility of carriers in amorphousterals it is reasonable to
assume that a negligible contribution to the messyohotocurrent arises from the
field- free region of the semiconductor. In thisseat is quite easy to derive an
expression for the migration term in the spaceghaegion of the a-SC, in a quite
similar way to that followed by Géartner.

Like in the Butler model, we will assume the absen€ kinetic control in the
solution and a negligible recombination rate afasie of the semiconductor. The
limits of validity of such assumption have beencdised in the literature for the
case of crystalline SC/EI junctions [2.47] and theél not be repeated here. Initially
we will assume also an unitary efficiency of fregriers generatiomg = 1) under
illumination with light having energy higher thamet SC mobility gap; then we will
relax such an assumption in discussing the behawigparticular systems.

In steady-state conditions the recombination oftpyenerated carriers in the
space-charge region can be taken into account fiymasg that the probability of
any carrier photogenerated at a position x to léheespace-charge region is given
by [2.48] :

P(X,E) = ex;{—%) 2.35

d

whereE is the mean electric field in the space-chargéoregf the a-SC and
Ly is the drift length of the photocarriers ensemide the average field

approximation, given by :
Ly = utE 2.36

p and T being the drift mobility and the lifetime of thehgtocarriers,
respectively. According to these equations andh® dssumptions made, we can

write :
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on = lgrine = quO.[OXSCaexp(—a)) R x E)dx 2.37

where®, is the photon flux corrected for the reflectiontlag¢ electrolyte/film
interface, having assumed negligible reflectionstre film/metal interface. By

integration of eq. 2.37 we get [2.48] :

+
| o = €Dy aLy 1—ex;{—xscl ‘”‘dj 2.38
1+aly Ly

From eq. 2.38 it follows a direct proportionalitgttveen the photocurrent and
the absorption light coefficient faxLq >> 1 andaxsc << 1, as previously derived
for crystalline materials (see eq. 2.26). On theptand forLy << 1 still a direct
proportionality betweeny} anda is assured by the fractional term 4/(1+olg).
According to these considerations, we can stillassas valid for amorphous SCs a
direct proportionality between the photocurrent Idjiel,/ed,, and the light
absorption coefficienty, in the vicinity of the absorption edge. Like fenystalline
materials, this allows to replacewith the photocurrent yield in egs. 2.30 to 2.32,
relating the absorption coefficient to the optibahd gap, and to derive the optical
band gap of amorphous semiconducting films fromptetocurrent spectra.

A major aspect to take into account in the formatabf the transport equations
of the photocarriers is related to the possiblesgmee of geminate recombination
effects in the generation of mobile photocarriethis phenomenon occurrs
generally in any material where the photogeneratadiers display very low
mobility. In the case of amorphous materials, lzea states are present below the
CB and above the VB mobility edges as a consequehdattice disorder. The
mobility of carriers in these states is much lowemn that in the extended states, so
that the existence of initial recombination effegtsamorphous materials is quite
probable. In fact, during the thermalization tirhe electron—hole pairs do not cover

a distance long enough to prevent recombination tdutheir mutual coulombic
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attraction. Owing to this insufficient separation, certain fraction of the
photogenerated carriers recombine before the toaihgwocess can separate them
permanently. As a consequence, the efficiency ed frhotocarrier generation must
be taken into account when dealing with amorphoaterals, and it acts to lower

the quantum yield in comparison with crystallinetengls. In order to account for

the geminate recombination, a generation efficigfgy is introduced in eq. 2.39:

_ aly B ., l+aly
I ph = ePy/lg Tral, {1 ex;{ Xsc » H 2.39

Ngis expected to increase by increasing the elefigid across the oxide as

well as by increasing photon energy [2.1-2.3].

2.7 - Quantitative use of PCS for the characteriza&n of anodic films on
metals and alloys

In previous work [1.5], a correlation between th#tical band gap values of
crystalline oxides, MO,, and the square of the electronegativity diffeeent their
constituents was proposed. Such a correlation veaivedl by assuming a direct
relation between the optical band gap and the siMjiO bond energy, using the
Pauling equation for the single bond energy. Mqrectically, Eg"pt was found to
depend linearly on the square of the differenceleétronegativity (Pauling’s scale)

between oxygenxp) and metal),), according to the following equation:

E ™ =A(Xo-Xu)’ +B 2.40

where A and B are determined by best-fitting of éxperimental Evs (Xo -
Xm)? data. With the exception of Ni, which followed the correlation, the following

two equations were found for sp metal and d metiales respectively:

38



sp-metal) B AEun(€V) = 2.17 fu - Xo)* — 2.71 2.41
d-metal) B AE.,(eV) = 1.35Ky - Xo)® — 1.49 2.42

whereAE,,, = 0 for crystalline oxides, whilst increasidg,, values have been
suggested as the degree of crystallinity decredseabe case of mixed oxides, the
average single bond energy is estimated by takitgaccount the contributions of
both cations involved in formation of the netwofkus, the same correlations were
extended to the case of mixed amorphous oxidessidernng an average cationic
electronegativity, defined as follows:

XM,av = XiXitXX; 2.43

where i and j refer to the two metals in the "mixexide, and xand x
represents their cationic fractions. Hence, a cataddependence ofyBn the oxide
composition is predicted. The extension of eq. 2618p-d mixed oxides poses the
problem of which best-fitting line should be usedhe study of the
photoelectrochemical behaviour of a large numbembted oxides [2.49-2.52]
allowed the validity of eq. 2.40 to be tested, lagdo the conclusion that the d
metal oxide correlation could hold for sp-d metalides, provided that the
percentage of d-metal in the film is sufficientiigh: a threshold of about 21at.% W

was found for Al-W mixed oxides [2.52].
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3 Growth and Characterization of anodic flms on m@netron sputtered
Nb-Ta Alloys.

3.1 Introduction

Microelectronics is very important for almost ailhés of technology evolutions
of the past four decades. In this area, the digtscscience occupies a prominent
place in providing the dominant technology in imtgd capacitors or gate
insulators. In the last years the main challengeliegen to scale down the insulating
oxide thickness keeping low values of the leakaggent. This task has been
partially achieved for metal-oxide-semiconductetdieffect transistor thanks to the
use of hafnium based dielectrics, while less haanhb#done for dynamic random
access memory and metal-insulator-metal capadiiRAM MIMCAP). To the last
generation DRAM, very low (from 0.5 to 0.35 nm) agulent thickness is required
with the constraint to maintain a very low leakaggrent. This implies the use of
material having high dielectric constant (~ 50) digh band gap (> 4 eV), which
can be obtained by post formation thermal treatnamd tuning of the oxide
composition. Owing to their high value of dielectdonstant, T#s and NBOs are
quite attractive oxides for the development of thext generation of DRAM.
Tantalum oxide is a wide band gap (~ 4 eV) materith a high dielectric constant
(e = 27 — 30) if properly crystallized (T > 750°C)idium oxide has a higher
dielectric constantg(= 53) with respect to T8s but a lower band gap (~ 3.3 eV). In
recent papers [3.1-3.3], it has been shown thaaddtion of small amount of Nb in
tantalum based oxide decreases the crystallizé¢iomperature with small effect on
the band gap value of the material. Thus, {Nba,),Os have been introduced in the
International Technology Roadmap for SemicondudfidiR S).

Tantalum—niobium mixed oxides for microelectron@mponents are usually
prepared by high vacuum techniques (physical aremital vapour depositions,
atomic layer deposition) [3.4-3.7]. In the firstrpaf this chapter we propose to
prepare these oxides by anodizing in suitable ®wlstsputter-deposited Nb-Ta
alloys. This electrochemical room temperature mecallows to grow oxides of

controlled thickness and composition, even if aailied investigation on the
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dielectric properties of these anodic films is resesy before considering their
effective use in microelectronics. Once grown, thédes were characterized by
Photocurrent Spectroscopy (PCS) in order to sthdi solid state properties (band
gap, E, flat band potential, k) a function of their composition. Impedance
measurements were performed to get informatiorheif telectronic properties and
dielectric constant.

In a recent paper [3.8], it has been reportedlianodizing Nb in ammonium
hydroxide containing electrolytes, it is possibte ibhcorporate nitrogen into the
anodic film with a marked change in the dielecpioperties of the oxide. Starting
from these experimental findings in the second phthis chapter, the influence of
anodizing parameters (bath composition, pH andl fioamation voltage) on the
photoelectrochemical behaviour of anodic oxide $ilom Ta alloys is discussed. The
results are interpreted by taking into accountdbeurrence of N incorporation into
the anodic layers

Part of this work was realized in collaborationhwiesearch group of Prof. H.
Habazaki (Hokkaido University, Japan).

The results of this chapter are reportedsiis. [3.9, 3.10].

3.2 Experimental

Ta, Nb and Ta—-Nb alloy films were prepared by dognedron sputtering.
Targets consisted of a 99.9% niobium disk, of 100 diameter, with an appropriate
number of 99.9% tantalum disks, of 20 mm diamdterated symmetrically on the
erosion region for preparation of the alloys. Sidies were glass plates. Thickness
of metallic layer was 300 nm. In order to obtailowafilms of uniform thickness and
composition, the substrate holders were rotatedirafothe central axis of the
chamber, as well as about their own axes, duringtespdeposition. As reported in
ref. [3.11], tantalum and Ta-Nb alloys containingto 22 at.% niobium comprised
the B-Ta phase, with a tetragonal structure. Furthereimge in the niobium content
resulted in the formation of a body centered cyihiase. All the alloys appear to be
mainly single-phase solid solutions, whose compmt were determined by
Rutherford backscattering spectroscopy [3.11].
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The anodizing was undertaken in 0.1 M NaOH, in . Bmmonium biborate
(ABE) (pH 9) and in 0.1 M (NB,SO/H,SO; (AMS, pH 0.3).at 298 K
potentiodynamically at 10 mV's

A saturated silver/silver chloride electrode (0 &/Ag/AgCl = 0.197 V vs SHE)
was employed as reference electrode for all thectrelehemical and
photoelectrochemical experiments.

The experimental set-up employed for the photoelebemical investigations
is described elsewhere [2.1-2.3]: it consists 46@W UV-VIS xenon lamp coupled
with a monochromator (Kratos), which allows monachatic irradiation of the
specimen surface through the electrochemical agdirtq windows. A two-phase
lock-in amplifier (EG&G) was used in connection kvie mechanical chopper
(frequency: 13 Hz) in order to separate the phatect from the total current
circulating in the cell due to the potentiostatimtrol. Photocurrent spectra reported
below are corrected for the relative photon flux tbe light source at each
wavelength, so that the photocurrent yield in aalpyt current units is represented in
the Y axis. All the experiments were performedimaaroom temperature.

Differential capacitance curves were recorded $\.H,SO, solution by using
a Parstat 2263 (PAR), connected to a computethfordata acquisition. For all the
experiments, a Pt net having a very high surfaea aras used as counter electrode
and a silver/silver chloride electrode was emplogedeference electrode.

Elemental depth profile analysis was conducted hwgdischarge optical
emission spectroscopy (GDOES) using a Jobin-Ybdd058strument in an argon
atmosphere of 600 Pa by applying RF of 13.56MHz @maer of 35W with a pulse
mode of 100Hz and a duty cycle of 0.1. The wavdlengf the spectral lines used
were 302.017, 149.262, 249.678 and 130.217 nmafaalum, nitrogen, boron and
oxygen respectively.

X-ray photoelectron spectroscopy (XPS) measuremgets carried out with a
JEOL JPS-9200 spectrometer with a hemisphericatggnanalyser and Mg &«
excitation (1253.6eV). The pressure in the analydismber during the XPS

measurements was 1.0%xHa. The spectra were recorded at a 90° take-ofeang
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with 0.1eV step and 10eV pass energy. The bindireggy was calibrated by using
the Ck peak at 285.0eV as the reference.

3.3 Anodic Film Growth

Anodic films were grown to 5 V at 10 mV*n all investigated materials. In
Fig. 3.1 we report the growth curves relating te #modizing of Ta, Nb and Ta-
66at.%Nb.

60 |

Ta-66at.%Nb

L —,

40
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20
10
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-1 0 1 2 3 4 5

voltage vs V (Ag/AgCl)

Fig. 3.1 Current density vs potential curves recorded durihg potentiodynamic
anodizing of Ta, Nb and Ta-66at.%Nb at 10 mMvirs0.1 M NaOH.

As typical of valve metals, after an abrupt incesabe current density reaches
an almost constant value, which is a function ef itietallic substrate composition.
The current density is sustained by the oxidationmztals, according to the

following half cell reaction:

2 Me +5HO — MeOs + 10 H + 106
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where Me is Ta or Nb or one of the investigatedya! According to Faraday’s
law in the case of high field growth of anodic fimit is possible to relate the

electric field strength, & to the growth rate, dVv/dt, according to eq.:

dv _ iEM
dt zFp 31

in which i is the measured current density, M is tholecular weight of the
growing oxide, z the number of electrons circulgtper mole of formed oxide (i.e.
10), F the Faraday constampt,the film density andy the growth efficiencyn is

defined as:

,7 _ Iform _ Iform

Itot I form + Idiss

g 3.2

where jom is the current density effectively employed foe tiilm formation,
igiss IS the current density fraction due to dissolutigimenomena, expected to be
negligible for all the investigated samples acamgdio the Pourbaix diagrams
relating to Ta and Nb [3.12], ang is the electronic current which is negligible due
the blocking character of the oxides, as confirmmd the very low current
circulating during the reverse scan.

In table 3.1 we report the electric field strengémgl the anodizing ratios, A,
(i.e. the reciprocal of § calculated by eq. 3.1 from the current densityasueed
during the forward scan. We have assumed for thexdnoxides a density and a
molecular weight obtained by averaging accordinghe alloy composition the

corresponding data pertaining to pure;®pand TaOs.
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Alloy Eq /MVcm® [ A / A | Oxide thickness / A
Ta 4.8 21 114
Ta-10at.%Nb, 4.30 23 121
Ta-19at.%Nb 4.2 24 130
Ta-39at.%Nb 4.0 25 134
Ta-66at.%Nb 3.8 26 140
Ta-85at.%Nb 34 29. 163
Nb 3.2 31 185

Table 3.1.Kinetic parameters estimated for the anodizingafNb and Ta-Nb alloys.

Rutherford back scattering analysis revealed that daxide composition is
almost coincident with the base alloy compositidhl]l] due to comparable
migration rate of NB and T&" during the anodizing process [3.11]. It is intéires
to mention that the E(and thus A) values estimated for mixed oxidesngesa
monotonically as a function of the base alloy cosifien. In table 3.1 we also
report the oxides' thickness for all the investgaanodized alloys, estimated from
the measured total circulated charge during theliamg process, according to the
integrated version of eq. 3.1. The films becomekii with increasing the Nb
content and their value compares well with thogored in ref. [3.11], estimated
for thicker anodic films by the direct observatiof the transmission electron
micrographs of their ultramicrotomed cross secttaking into account the different

formation voltage and the higher formation ratd 13.
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3.4 Photoelectrochemical Study
In Fig. 3.2 we report the photocurrent spectra {ptrrent vs irradiating
wavelength curves at constant potential) recordgdddarizing the anodic films

grown on all the investigated alloys at 2 V in M3H,S0,.

2000
—Ta

g
S ool —+— Ta-10at.%Nb
e —e—Ta-19at.%Nb
% 200 —o— Ta-39at.%Nb
8 ! —=— Ta-66at.%Nb
2 —=— Ta-85at.%Nb
O 500 e Nb

0

200 250 300 350 400 450 500

Wavelength / nm

Fig. 3.2 Raw photocurrent spectra relating to anodic figmewn on all investigated
alloys to 5 V, recorded by polarizing the elect®dé?2 V in 0.5 M HSO,.

By recording the total current circulating in tharkl and under irradiation, we
verified that the photocurrent was anodic at a#l thvestigated wavelengths, as

shown in Fig. 3.3 for anodic films grown on Ta-66&Xb alloys.

50



N
o

N

on on

Current /pA
H
[

0.5

off off off
TS
O | | | |
0 20 40 60 80 100 120 140

time / s

Fig. 3.3 Total current circulating in the dark (off) andden irradiation (on) for anodic
films grown on Ta-66at.%Nb, recorded by polarizthg electrode at Y= 2 V and\ =
270 nmin 0.5 M BSO,.

For photon energy in the vicinity of the band gap¢ording to egs. 2.31 and
2.38, the following equation holds:

(Ipnv)" O (hv - EgM) 3.3

where |}y, is the photocurrent yield, assumed proportionath® light absorption

coefficient, tv is the photon energyEgp‘, the optical band gap and the exponent n

is 0.5 for indirect (non direct for amorphous mitis) optical transitions [2.36]. As
shown in Fig. 3.4 for the anodic film grown on Téa6.%Nb, from the photocurrent
spectra corrected for the efficiency of the lamproehromator system [2.1-2.3],
according to eq. 3.3 we can estimate the opticatllgmp of the investigated oxides

by extrapolating to zero the,fhv)>° vs hv plot.
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Fig. 3.4 Photocurrent spectrum relating to anodic filmvgnoon Ta 66at.%Nb to 5 V,
recorded by polarizing the electrode at 2 V in 0.BMO;. Inset: band gap estimate by

assuming non direct optical transitions.

In Fig. 3.5 we report theESpt values estimated with the same procedure for all

the investigated oxides. These data clearly shoat tfthe band gap value
monotonically changes between those estimatechfocorresponding pure oxides.
This finding suggests that it is possible to tattee band gap of an oxide by properly

selecting the composition of the base alloy to medi&zed.
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Fig. 3.5. Experimental band gap values for Ta and Nb d¢oimig. mixed oxides as a
function of the Nb atomic fraction,\x Continuous line represents the theoretical
prediction for crystalline oxides according to e(k42) and (2.43). Dotted line
represents the theoretical prediction for amorphmtides according to egs (2.42) and
(2.43) WithAE,, = 0.15 eV.

In order to use eqs. 2.42 and 2.43 to fit the BrpEntal band gap values of the
investigated Ta-Nb mixed oxides, we assugpe= 1.50 £ 0.05 ang(y, =1.60 £
0.05, which are in the range of uncertainty acagje Pauling [3.13]. As Fig. 3.5
shows Eg”‘, differs from the values calculated by means &f @42 and 2.43, of a
guantity which is less than 0.15 eV and in the eafgyeseen by the taking into
account the amorphous nature of the investigatgtda

The good agreement between the experimengaledfues of Ta-Nb mixed
oxides and those predicted by eq. 2.42 is a futhédence of the validity of the
correlation between the electronegativity of thédes’ constituents and their band

gap. This correlation is a powerful tool for theegiction of the band gap of a
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material starting from the knowledge of its comgiosi This statement becomes
more convincing if we consider the large approxioratprovided by Density
Functional Theory based methods fgrelstimation. This is the case of the band gap
value calculated in ref. [3.14] in the Low Densftpproximation for TaNb@ (E; =
1.82 eV), that the authors report to be underestichand that appears really far
from the expected value according to the experiaieasults of Fig. 3.5.

For a possible technological application, it isywenportant that the band gap
of the mixed oxides are between those calculatedT®Os and NBOs, if we
consider that oxides with the band gaps over 8V 4neet the specifications defined
by ITRS. However, the band offset with the metakcalde is also a critical factor
that may define the leakage current. Therefore ktfvledge of the energetics of
the metal/oxide interface is crucial.

Photocurrent vs electrode potential curves undestemt irradiating wavelength
(photocharacteristics) were recorded for all theestigated oxides, by scanning the
polarizing voltage toward the cathodic directionlatmV s'. As typical of n-type
semiconducting materials, the photocurrent deceebygedecreasing the polarizing
voltage, i.e. the electric field strength across fim. Due the very low thickness of
the investigated films, the contribution to the swa&d photocurrent coming from
the field free region is negligible. The zero pltaent potential, \, which can be
assumed as a rough estimate of the flat band paitectianges sensitively on going
from Nb,Os (Von = - 0.25 V vs. Ag/AgCI) to T#s (Von = - 1.0 V vs. Ag/AgCI).

In Fig. 3.6 we report the, vs polarizing voltage curves relating to 5 V armodi
films grown on Ta, Ta-10at.%Nb and Ta-19at.%Nb.
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Fig. 3.6 Photocurrent vs potential curves relating to &nédic films grown on Ta, Ta-
10at.%Nb and Ta-19at.%Nb. Irradiating wavelengt@ @rh, solution: 0.5 M bSO, and

potential scan rate 10 m*s

It is interesting to stress that the addition ofmall amount of Nb shifts
sensitively the zero photocurrent potential towardre anodic values with respect
to TaOs. Owing to the amorphous nature of all the invegéd anodic films, we
expect an influence of the irradiating photon epeag well as of the electric field
strength on the photocurrent. The lack of the lomgge order for the amorphous
oxides is responsible of a reduced mobility of ge@erated photocarriers, which do
not cover during their thermalization time a distadong enough to prevent their
recombination. Thus, for amorphous oxides it is pagsible to assume as unit the
efficiency of free carriers generation even for foinoenergies higher than the band
gap of the material (geminate recombination). ldeorto get information on the
mobility of the photocarriers we have fitted thg ¥s potential, |, curves were

fitted according to power law
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(Iph)n D(UE_V *) 3.4

The best fitting exponent, n, and the extrapolatexd photocurrent potential,

V*, are reported in table 3.2.

Metallic substrate | Wavelength/nm| n V* (V)
Ta 240 0.97§4 -1.00
270 0.975| -1.02
300 0.975| -0.97
Ta-10at%Nb 240 0.80q -0.52
270 0.65( -0.45
Ta-19at%Nb 240 099 -0.39
270 0.65( -0.43
Ta-39at%Nb 240 1.2 -0.30
270 0.78( -0.34
300 0.73| -0.32
Ta-66at%Nb 240 1.1 -0.2¢
270 1.03| -0.24
300 0.85( -0.29

Table 3.2 Parameters obtained by fitting according to polaer, (I,)" 0 (Ug — V¥
(see eq. 3.4) the experimental photocharacterigtiosrded for anodic films grown to 5
V at 10 mV & on Ta and Ta-Nb alloys in 0.5 M,SO;.

A supralinear (n < 1) behaviour was evidenced lierdxides grown on Ta rich
alloys and, in spite of the narrow energy rangeweee able to exploit due to the
wide band gap of these oxides, it was possiblevideace that n decreases with
increasing the irradiating wavelength, as expedi®d amorphous films. The
estimated V* confirmed the shift toward anodic poi of the Ug for Nb
containing mixed oxides with respect to pure,ds The more anodic 4 of
(TagdNbg 1,05 with respect to pure F@s can account for the dependence of

photocurrent on oxide composition. A careful ingmetof Fig. 3.2 shows that the
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measured photocurrent increases with increasingadtibent with the exception of
the anodic film on Ta-10at.%Nb, for which thg Vs wavelength curve is slightly
lower that the corresponding curve for,Da in spite of the very close band gap
value. We believe that such a finding can be rdlatethe electric field strength
across the mixed oxide which is expected to be laméng to its more anodic flat
band potential.

For higher Nb content (see Fig. 3.7), by increashwyirradiating wavelength
the dependence of,lon Uz changes from sublinear to supralinear (see taldlp 3
Such a dependence has been detailed discussedréoaNbOs anodic films and is
related to the strong dependence on the electlid if the geminate recombination
efficiency [3.15].

250

200 |

150 |

100 |

Photocurrent / nA

50 |

-0.5 0 0.5 1 15 2

voltage vs V (Ag/AgCl)

Fig. 3.7. Photocurrent vs potential curve relating to 5 Nodic films grown on Nb.
Irradiating wavelength 340 nm, solution: 0.5 M3, and potential scan rate 10 mV. s
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3.5 Differential Capacitance Study

In order to get information on the dielectric prapes of the investigated
oxides, we recorded differential capacitance cuags function of the a.c. signal
frequency as well as of the oxide composition iwide electrode potential range
(from 3 V to the flat band potential). In Fig. 3ve report the measured series
capacitance, {5 of the Ta/TgOs/electrolyte interface recorded in 0.5 M3, at
three different frequencies.\Cdepends on both the polarizing potential and a.c.
frequency, as typical of amorphous semiconductéiewever, the measured

capacitance becomes almost independentonhén § . = 5 kHz.

Capacitance [uIF cm?
[EEN
(&)

1 ~—<&—5kHz

05 -—A—1KkHz
100 Hz

O |
-1 0 1 2 3

voltage vs V (Ag/AgCl)

Fig. 3.8 Measured series capacitance of the T#¥alectrolyte interface recorded in
0.5 M H,SG, at three different frequencies.

It is evident that even the anodic film grown on-IGat.%Nb shows a
behaviour different from that shown by ;0g. In spite of the very close band gap

value, the anodic film with the lowest Nb contehows a flat band potential more
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anodic than that of tantalum oxide, in agreemerth whe photoelectrochemical
results. The shift toward the anodic direction lné flat band potential of all the
mixed oxide with increasing Nb content, suggestgdthe photoelectrochemical

results, is confirmed by the differential capaadi@curves of Fig. 3.9.
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Fig. 3.9 Measured series capacitancg, @r all the investigated films recorded in 0.5
M H,SO,. Frequency of the a.c. signal: a) 5 kHz and b) H20
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According to Amorphous Semiconductor Schottky Barifheory (see section
2.4), in the high band bending region, i. e. fdse (Ef2 - AEg), when a deep
depletion region at the surface of a-SC/El junctiomppears [2.4] the total
capacitance of barrier can be modelled as a twiesseapacitance according to
equation 2.18.

Under high band bending e > EJ2 - AEg) and high frequencyyc — 0),
Cs,w) OC(:0) and, thus, we can assume that the space charipa nemith

coincides with the whole oxide thickness. This waloto estimate the oxides’

dielectric constant according to the following eq.:
C=—+ 35

By subtracting to the measured capacitance the Hk#tm double layer

contribution, assumed ~ 20F cm? in concentrated aqueous solution (as 0.5 M
H,S0y, is ) [3.16] we can have the idea on how {(%Ieratio changes by changing the

oxide composition. We know from the anodizing cuerysee previous sections) as
well as from the transmission microscopy imageslivdmicrotomed sections [3.11]
that the film thickness increases with increasirty déntent into the mixed oxide.
The knowledge of d allows to estimate the oxideledigic constant from the
capacitance values measured at 5 kHz at the hidleesl bending (U = 3V),
reported in Fig. 10 as a function of the film comsition. € monotonically increases
with increasing Nb content, as found for thickelm& grown on the same
investigated alloys [3.11]. Such dependence alseeagwith the dielectric constant

calculated by computation method for NbEaf@ported in ref. [3.14].
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Fig. 3.10Dielectric constarng as a function of the Nb content into the oxide.

Finally, we want to stress that eq. 2.14 allowsstimateAEr, provided that it
is possible to estimate a frequency of the a.cadidnigh enough to make the
capacitance almost independent on the applied patenThe simultaneous
knowledge of this energy distance and of the baap\@lue of the oxide allows to
get the energetics of the metal/oxide/electrolgterface, as reported in Fig. 3.11 for
anodic films grown on Ta, Ta-10at.%Nb and Ta-19att%6A work function of 4.25
eV has been assumed for tantalum and for the a[®y¥], due to their low Nb
content and by taking into account that a veryelsrk function is reported for Nb
(4.30 eV according to ref. 3.17). These sketchesige an idea of the band offset
for the investigated metal/oxide systems. With addbtent of 19%, we get a mixed
oxide with a dielectric constant 10% higher thaat tbf TaOs with a reduction of
less than 3% of the band gap. However, to havengplate set of information it is
very important to have a look to the energeticghef metal/oxide interface, that

shows a reduction of the band offset (see Fig.)311We consider that the metal or
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alloys to be anodized can be easily sputtered aretal with a properly selected
work function, we can hypothesize to control thadaffset by properly selecting

the materials involved in the fabrication of thetat®xide interface.
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Fig. 3.11 Sketch of the energetic levels of metal/oxide/etdgte interface for anodic

films grown on a) Ta, b) Ta-10

at.%Nb, c) Ta-19atB86N
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3.6 Nitrogen incorporation on anodic TaOs.

In Fig. 3.12a we report the raw photocurrent speatrelating to the anodic
layer grown to 5 V(Ag/AgCl) (~ 11 nm thick) in 0. NaOH, recorded by
polarizing the electrodes at 2 V(Ag/AgCI) in 0.5HASO;.

—e— 0.1M NaOH
——0.1 M AMS
—0.1 M ABE
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Fig. 3.12 a) Raw photocurrent spectra relating to anodic sfilgrown on Ta to
5V(Ag/AgCI), recorded at 2V(Ag/AgCl) in 0.5 M 480, (I,4hv)°° vs hv plots relating
to the oxides grown in b) 0.1 M NaOH and c) 0.1 M@ and d) 0.1 M ABE.
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By extrapolating to zero thepghv)o'5 vs hv plot a mobility gap of 4.13 eV has
been estimated for the film formed in NaOH solut{see Fig. 3.12b), and in good
in agreement with the band gap values reportetdriterature for anodic oxide on
Ta metal [3.18] and quite close to the value oktalfine TaOs oxide (~ 3.9 eV). As
previously suggested (see Chapter 2) the differ¢nc@.2 eV) in the optical band
gap value of amorphous and crystalline tantalurdexian be attributed to the effect
of lattice disorder in amorphous oxide which affeoth the DOS distribution in the
vicinity of band edges and the intensity of opticahsition between localized states
The small tailing at lower energy observed in Hdl.2b agrees with the model of
DOS suggested in Chapter 2.

Photocurrent spectra (see Fig. 3.12a) very simdathose relating to films
grown in NaOH solution were recorded for anodim§l similarly grown in 0.1 M
(NH,),SO, (pH corrected to 0.3 by the addition 0§30y), for which a band gap
value of 4.1 eV was estimated according to eq(RB@ 3.12c)

A different photoelectrochemical behaviour was igpd by the anodic layer
grown in 0.1 M ABE (see Fig. 3.12), due to the pre® of a consistent red-shift in
the optical absorption extending well below thedgap of TaOs reported above.
In this last case, apart from the band gap valu@}(dV) very close to that estimated
for anodic films grown in the other investigatedattolytes (see Fig. 3.12d), it was
possible to derive from the longer wavelength ragib photocurrent tail a second
lower threshold at around 3.25 eV.

The presence of sub-band gap photocurrent is maderg for thicker films
formed in 0.1 M ABE. In Fig. 3.13a we compare ti®focurrent spectra relating to
anodic films grown on tantalum to 50 V in AMS, NaGind ABE solutions. By
assuming non direct optical transitions, accordmgq. 3.3 two linear regions are
present in the 5|I1hv)°'5 vs hv plots for the anodic film grown in ABE, correspamgl
to optical transitions at 3.25 and 4.05 eV (see Bi@3b), in agreement with the
behaviour of thinner films. For both 50 V anodiens grown on Ta in 0.1 M NaOH
and AMS there is no evidence of the optical trams# at lower energy (see Fig.
3.13c and 3.13d).
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Fig. 3.13 a) Raw photocurrent spectra relating to anodiosfigrown on Ta in 0.1 M
NaOH, 0.1 M ABE and 0.1 M AMS to 50V, recorded af @g/AgCl) in 0.5 M H,SO;.

(Ihv)*° vs hv plots relating to the oxide grown in b) 0.1 M AB&nd c) 0.1 M NaOH
and d) 0.1 M AMS.
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In order to get further information on the natufetltis sub-band gap optical
transitions photocurrent vs potential curves (pbbtoacteristics) under constant
irradiating wavelength were recorded. In Fig. 3nketreport the photocharacteristics
(normalized for the maximum value gf)lobtained under illumination with photons
having supra-band gap energy= 270 nm, i.e. W= 4.6 eV) for the anodic films of
Fig. 3.13.
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Fig. 3.14Normalized Photocurrent vs.gldurve relating to anodic films grown on Ta in
0.1 M NaOH, 0.1 M ABE and 0.1 M AMS to 50V, by scarmthe electrode potential at

10 mV s' under monochromatic irradiation (270 nm) in 0.560,

By scanning the electrode potential toward theawithdirection (V.an= 10 mV
s%), an inversion of the photocurrent sign occurstyaical of insulating material
[2.2] independently on the anodizing electrolyteheT electrode potential
corresponding to the inversion of photocurrent sign be roughly assumed as a

proxy value of flat band potential, (k) However, if we compare the
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photocharacteristic relating to the film grown immonium biborate with those
relating to the anodic films grown in NaOH and AMiB,is evident that the
dependence of the measured photocurrent on théeedpgmtential is very different.
Quasi-linear photo-characteristics were recordedHe films grown in NaOH and
AMS solutions with an inversion photocurrent poigindround - 1 V vs (Ag/AgCl).
For the film grown in ABE, the photocurrent chandjesarly in a narrow potential
range between ;)\, and - 0.5 V(Ag/AgCl) (omhic region). At higher mhbending,
(Ue — Ugp), Ipn shows an exponential-like dependence on electpmdential, i.e.
electric field strength across the oxide at cortstiigckness by taking into account
the insulating nature of the investigated oxid]2This finding suggests a Poole-
Frenkel mechanism of transport of photocarriers idated by a trap limited

mobility [2.36] in a band of localized states gexted by the incorporated species.

3.6.1 Discussion

The anodizing of valve metals has been extensistigied in the last decades
and there is currently a general agreement on thehamnism of growth of the
oxides, which is sustained by a field assisted hmppf mobile ions, i. e. outward
migrating metal cations and inward migrating oxygamons. At 100% current
efficiency of film growth (as expected for Ta inl dhe investigated solutions
according to the Pourbaix diagram for Ta, ref. 3.125% of film thickness of
tantalum oxide forms at the oxide/electrolyte ifdee, while the remaining 75%
forms at the metal/oxide interface, according t ttansport numbers of Taand
O? [3.19]. As widely discussed in previous paperd 933.20], low concentrations
of species derived from the anions of the anodizébectrolyte are normally
incorporated into the growing oxide, such as phatphsulphate, or molybdate,
Recent results reported in the literature [3.8] destrated that it is possible to
incorporate also nitrogen inside anodic films onWwith the surprising finding that

the source of N is a cation, i.e. ammonium.

68



T | T | T | T
«——Anodic film——
- Ta
c
=]
8
©
2
‘»
C
9
£
0.0 1.0 2.0 3.0
Sputtering Time / s
Ta 4pgp,

E N1s 5V

2 i

©

>

@

5

<

410 405 400 395 390 385
Binding energy / eV
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In Fig. 3.15 we report the GDOES elemental deptifilerof the 50 V anodic
film grown on Ta in 0.1 M ABE. Together with thepected signals coming from
tantalum and oxygen, the presence of nitrogen bas bevealed. If we consider that
the abrupt decrease of O signal marks the oxidelnieterface, we can postulate
that the anodic film has a bilayer structure witN &ontaining outer part (roughly
70% of the whole thickness) and an inner pracgicalirogen free part. Assuming
the transport number of 0.25 for cations as meetiosbove, it can be said that the
nitrogen species migrates inwards and their mignatate is approximately 0.65 that
of O ions.

The photoelectrochemical results reported in thiggp show a marked change

in the optical properties of anodic flms on Taymthen they are anodized in an
electrochemical bath containingH, at pH 9. If we match this experimental

evidence with the results reported in Fig. 3.15a,can conclude that during anodic
oxidation, the interfacial processes at the oxideteolyte interface that are

responsible of water molecules dissociation unifgh blectric field to give ©, can
also deprotonate ammonium ions generatMg}", moieties than can migrate

inward and can be bonded to°T#ogether with & with the consequent formation
of an oxy-nitride. A fundamental role is played Hye electrolyte pH which
determines the sign of the charge on an oxide'$aser Due to the acid/base
equilibria at the oxide/electrolyte interface, therface of Tg0s is expected to be

positively or negatively charged, when the solufpdt is lower or higher than the
isoelectric point (pk. 2.9, ref. [3.21]), respectively. Thus, the podiipof NH

ions to get close to the oxide surface is influehlog the electrolyte pH, hindering N
incorporation in strongly acidic ammonium ions @ning solution. This
suggestion is in agreement with the behaviour tepoby Ono et al. in ref. [3.8],
where N incorporation is reported to occur igPEy/NH; solution only when the
electrolyte pH is higher that 8.

XPS was used to examine the surface compositidraddfter anodizing in 0.1
M ABE. Fig. 3.15b shows the electron binding enefyTa 43, and N -
characterized by XPS. The N 1s region shows a peak396 eV (missing for the
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anodic films grown in 0.1 M NaOH), that can be gasd to N in Ta¢N, [3.22].
The broad Ta @, sighal at higher binding energy (~ 404 eV) is@ssd to Ta in
the same oxynitride [3.22]. A further support téstidentification comes from ref.
[3.23,3.24], where the XPS spectra relating to etbtantalum pure and mixed
oxides in the same binding energy region are regort

As suggested by the photoelectrochemical resulits, ihcorporation of N
species causes the formation of electronic staisiseé the mobility gap of T&s
generating the evidenced sub band gap photocuiéatreasonably hypothesize
that such states are due to the p orbitals ofgetncand, thus, are located above the
valence band edge of X& in agreement with the band structures suggested fo
tantalum oxy-nitride [3.25]. However, the dependent I, on U: for anodic films
grown in ABE (see Fig. 3.14) suggests that N inodafion creates not extended
states in the mobility gap of the film. These liwad states work as traps for the
photogenerated holes, and justify the suggested-FRenkel transport mechanism
of charge carriers.

This result is very important if we consider théie tpresence of a high
concentration of localized states inside the mgbgap of TaOs, usually employed
as dielectric in electrolytic capacitor industrffeats both the optical and electronic
properties of the films with consequent increasehef electronic leakage current

responsible for electrical instability of tantalwapacitors.

3.7 Conclusions

Ta0s, Nb,Os and Ta-Nb containing oxides grown by anodizing tspu
deposited Ta, Nb and Ta-Nb alloys of different cosiffon were characterized by
Photocurrent Spectroscopy and by impedance measatem

Band gap values of 4.1 eV and 3.4 eV were estimige@dnodic TgOs and
Nb,Os, respectively, while intermediate values werenested for mixed oxides
monotonically increasing by increasing the Ta conte

The estimated band gap values are in agreement tiwthproposed linear

dependence of F£on the squared difference of electronegativity tlié oxide
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constituents. This finding shows the potentialto$ tcorrelation to predict the band
gap value of an oxide knowing its composition.

Differential capacitance curves, recorded for b# investigated oxides in a
wide range of electrode potential and for severafjiencies of the alternative
signal, were interpreted on the basis of amorptsamsiconductor Schottky barrier,
and allowed to determine the dielectric constanttlé investigated oxides.
According to the estimated valuesgdepends almost linearly on the atomic fraction
of one of the partner cations into the mixed oxide.

The experimental results reported in this chapteggest that by properly
selecting the alloy composition it is possibledeilg both the oxides band gap and
dielectric constant, which are key parameters iterdgining the performance of
high-k materials.

The effect of the anodizing bath composition and pbh the
photoelectrochemical behaviour of anodic films gnoan tantalum to different
formation voltages (i.e. thickness) was studiecbahd gap value of ~ 4.1 eV was
estimated for 5 V and 50 V anodic films grown inQ¥ and AMS solutions. For
films formed in a bath containing ammonium iongH&it9, i. e. ABE, the presence
of sub-band gap photocurrent was evidenced.

GDOES compositional depth profiles revealed thesgmee of N in the outer
two third of anodic films grown in ammonium bibagatwhile XPS analysis
suggests the formation of a tantalum oxynitride.

A mechanism is proposed in order to investigatertie of the anodizing bath
pH in determining the occurrence of nitrogen incogtion. The experimental
results suggest that it is crucial the possibiifyammonium cations to reach the
oxide surface, whose charge density depends orathiebase equilibria at the
interface, mainly conditioned by the differencevietn the bath pH and zero charge
pH.
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4 Growth and Characterization of anodic films on ma@netron sputtered
Nb-Al Alloys.

4.1 Introduction

In order to satisfy the requirement of miniaturi@aatin modern linear integrated
circuits, electronic components are developing towamaller volume. For
electrolytic capacitors this issue can be achiewsd increasing the specific
capacitance, i. e. by increasing the dielectricstamt and the roughness factor.
Al,O; is a wide band gap,gFinsulator [4.1] with an amphoteric character, eiljd
employed as dielectric in electrolytic capacitas-(9). It can be directly grown on
Al metal by anodizing, and an easy electrochematahing process allows to
increase the specific surface of this metal.

As shown in chapter 3, N®s is a n-type semiconductor with relatively lower
band gap (E~ 3.30 £ 0.1 eV) [3.9, 4.2, 4.3] and chemicallgbde in a wide range
of pH. A very high, field dependent, dielectric stamt € ~ 53) (3.9, 4.2, 4.3) is
reported for anodic niobia, which makes this oxadeery appealing high k material,
even if the possibility to use NBs as dielectric is limited by its poor blocking
character.

Starting from these considerations, Al-Nb mixeddes are anticipated to have
properties that lie between those of purgQdland NBOs, which suggest that an
improvement on the low value of ALO; and a lowering of the high leakage current
of Nb,Os could be achieved. In refs. [4.4 - 4.6] the usecloémically prepared
Al,03-Nb,Os composite oxides is suggested as a viable routéndmease the
dielectric constant with respect to that of pun@maha. This effect is also observed
for AI-Nb mixed oxides grown by anodizing sputterpdsited Al-Nb alloys [4.7].
An increase in the dielectric constant up to ~<22eported for anodic films grown
on Al-44at.%Nb, which was the Nb richest investghalloy.

In this chapter photoelectrochemical measuremengse wcarried out on
anodized samples in order to obtain informationtten solid state properties (band

gap, flat band potential, conductivity type) of tbgides as a function of their
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compositions. The compositional dependenceya$ Hiscussed in order to highlight
the chemical approach to tailoring of r oxides on alloys that was previously
suggested for pure sp-metal or d-metal oxides ¢se&ion 2.7 and ref. [1.5]). The
effect of Al/Nb ratio in determining their dieleitrand electronic properties was
studied by means of both electrochemical impedaspectroscopy (EIS) and
differential admittance (DA) measurements. The ddpace of admittance
components for the Nb richest investigated alloy é discussed quantitatively on
the basis of the amorphous Schottky barrier théxeg section 2.4).

Part of this work was realized in collaborationtwiesearch groups of Prof. G.E
Thompson (University of Manchester, UK), Dr. Fabh® Mantia (Ruhr University,
Bochum, Germany), Dr. C. Rangel (LNEG, Lishoa, bgat).

The results of this chapter are reporteceiis. [4.8 and. 4.9]

4.2 Experimental

Aluminium, niobium and Al-Nb alloys were depositbg magnetron sputtering
using an Atom Tech Ltd system, with targets of ahiom (99.999%) and niobium
(99.9%). Sputtering was performed in 8& argon after previous evacuation to 5 x
10° Pa. The substrates consisted of high purity aliuminsheet that had been
electropolished at 20 V in a solution of ethanal aerchloric acid (4:1 by vol.) for
180 s at 283 K. Al-Nb alloys, containing 9, 11, 20, 55, 66, 81, 85 and 92 at.%
niobium, were prepared. The composition of the yallovas determined by
Rutherford backscattering spectroscopy (RBS), pewal using 2.0 MeV Heions
supplied by the Van de Graaff accelerator of thévehsity of Paris. The scattered
ions were detected at 1630 the direction of the incident beam. Data were
interpreted by the RUMP program. The deposited rlaygere anodized to 9 V
(SCE) at 100 mV'5in 0.1 mol dn ammonium pentaborate electrolyte (ABE, pH ~
8.5) at room temperature. At this pH and tempeeatboth A}O; and NBOs are
reported to be thermodynamically stable accordinthé Pourbaix diagrams for the
Al-H,O0 and Nb-HO systems [3.12]. According to transmission elettro
micrographs of ultramicrotomed sections [4.7], tlens are amorphous. The

experimental set-up for the photoelectrochemicahsueements has been described
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elsewhere [2.1]. A 450 W UV-vis xenon lamp, coupledh a monochromator,

allows irradiation of the specimen through a quavimdow. A two-phase, lock-in

amplifier, with a mechanical chopper, enables saar of the photocurrent from

the total current in the cell. The photocurrentcsfzeare corrected for the relative
photon efficiency of the light source at each wewmegth, so that the photocurrent
yield in arbitrary current units is represented tbhe y-axis. A saturated calomel
electrode (0 V vs SCE = 0.24 V vs SHE) was empla®a reference electrode for
all photoelectrochemical experiments.

Electrochemical impedance spectroscopy (EIS) dateafiodized alloys were
obtained using a Parstat 2263 (PAR), controlle@ lspmputer via Electrochemistry
PowerSuite software. A three-electrode arrangemest used, consisting of the
anodized specimen, a reference electrode (silisarsthloride) and a Pt net having
a very high specific area, immersed in 0.2 MNRO,. The impedance spectra were
generated by applying a sinusoidal signal of amgét 10 mV over the frequency

range 0.1 Hz — 100 kHz. The resultant spectra weatysed with Zview software.
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4.3 Anodic Film Growth
In Fig. 4.1 we report the anodizing curve relatinghl-66at.%Nb.
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Fig. 4.1 Current density and charge density vs potentiaesirecorded during the
potentiodynamic anodizing of Al-66at.%Nb at 100 s1Vin 0.1 M ABE.

As typical of valve metals, after an initial inceeathe current density reaches an
almost constant value which remains unchanged upetselected final formation
voltage; it is important to stress that the chatgasity increases linearly with the
potential during the anodizing, while it remainsstant during the reverse scan,
according to the theory of high field growth medsam for valve metals. As
expected for anodic barrier oxides a very low aurr@ensity is measured in the
reverse scan, due the formation of a blocking filftom the overall charge
circulating during the anodizing, and by assumimg the oxide density and
molecular weight the values obtained by averaghmey density,p, and molecular
weight, MW, of the pure oxides, it was possible rtuughly estimate the film
thickness, as shown in table 4.1. An Al/Nb ratitoithe oxide coincident with that
of the base alloy was assumed in agreement withiqure results reported in the
literature, based on Rutherford Back Scatteringlyaisa of the anodic film

composition [4.7,4.8]. The estimated values compaeit with those estimated from
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the anodizing ratio reported in refs. [4.8] for Wb alloys with a Nb content
44at.%.

at.%Nb| 0 9 40 55 66 81 92 100
dox (B) | 120 130 180 190 200 230 280 310

Table 4.1Anodic film thickness estimated from circulatingacge during anodizing (see
text).

4.4 Photoelectrochemical Characterization

With the exception of the anodic films on the AE98Nb and Al-11at.% Nb
alloys, all other investigated oxides proved tgphetoactive.

As shown in Fig. 4.2 for the anodic film grown of-24at.%Nb, the optical
band gap of the investigated oxides can be estimayeextrapolating to zero the
(I,hv)*° vs hv plot (E= 4.11 eV) (according to egs. 2.31, 2.38).

For the oxide on this alloy, as well as for thosewq on alloys with Nb
contents< 55at.%, an exponential decrease in the photoduyreld (Urbach tail) as
a function of photon energy is observed at photwergies lower than the mobility
gap (Fig. 4.2c). As already found for several aadilins on valve metals and valve
metal alloys [2.49], a possible origin of the treisdthe variation of the light
absorption coefficient according to eq. 2.32.

An E, value slightly higher (~ 4.22 eV) than the mokilgap (4.11 eV) was

estimated.
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Fig. 4.2 a) Raw photocurrent spectrum relating to anodiic §irown to 9V/SCE on Al-
21at.%Nb alloy, recorded by polarizing the elect®dt 5 V/SCE in 0.1 M ABE.
b) Band gap estimate by assuming non direct optti@asitions and c) Urbach plot.

Figure 4.3 displays the pghv)o‘5 vs hy plots relating to anodic films with
different Nb contents. The estimateq ¥alues show that the optical band gap
monotonically changes between the values estinfatetthe pure oxides (see Table
4.2). This finding suggests that it is possibletador the band gap of an anodic

oxide by properly selecting the composition of tiase alloy.
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Fig. 4.3 Band gap estimate by assuming non-direct optieakttions relating to anodic
films grown to 9 V/SCE on a) Al-40at%Nb, b) Al-5%at\b, c) Al-85at%Nb and d) Al-
92at.%Nb alloys, recorded by polarizing the eled#at 5 V/SCE in 0.1 M ABE.

Al- 21at%Nb]| 40at%NH 55at%Nb 66at%Nb 8lat%Nb 83dho% 92at.%Nb
Nb
Alloy

Ey / 411 3.90 3.78 3.64 3.52 3.51 341
eV

Table 4.2 Optical Band gap values estimated by assuming ivectdptical transitions
relating to anodic films grown to 9 V/SCE on Al-Nhkogs.

The photocurrent vs potential curves (photocharesties) were recorded by
scanning the electrode potential at 10 mVirs 0.1 M ABE and by irradiating the

mixed oxides at several constant wavelengths. Byimgothe polarizing voltage
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(Ug) toward the cathodic direction, an inversion oé thhotocurrent sign was
revealed in the case of oxides grown on the ingattd alloys with a niobium
content< 55at.% (see Figs. 4.4 and 4.5), as the sharp ehemthe phase angle
suggests. This behaviour is typical of insulatingtenials [2.49, 4.10] for which
both anodic and cathodic photocurrents can be wetetepending on the direction
of the imposed electric field, i.e. on the polar@ivoltage with respect to the flat
band potential, kk. Thus, the inversion potential,ycan be assumed to be a proxy
of the flat band potential. It is important to ssethat for flms grown on Al-
2lat.%Nb (see fig. 4.5), the inversion photocurrepbtential of the
photocharacteristics is more anodic than that edéich from the steady state
photocurrent values, owing to the presence of cithphotocurrent spikes in the

low band bending region, i.e. close to the flatpotential.
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Fig. 4.4 Photocurrent and phase vs potential curves mnglab 9V/SCE anodic films
grown on Al-55at.%Nb alloy. Irradiating wavelendfiO0 nm, solution: 0.1 M ABE and

potential scan rate 10 m*s
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Fig. 4.5 Photocurrent and phase vs potential curves rglatn9V/SCE anodic films
grown on Al-21at.%Nb alloy. Irradiating wavelendtfi0 nm, solution: 0.1 M ABE and

potential scan rate 10 m*s

The steady state anodic photocurrent inversionnpiadefor this sample can be
located between — 0.6 V (SCE) and -0.8 V (SCE). dilserepancy between the
inversion potential values estimated under chogjgd (13 Hz) and under steady
illumination can be explained by the presence oéliaed states inside the mobility
gap of the oxide, which can behave as traps forirfeeted photocarriers locally
modifying the electric field distribution and thetpntial drop at oxide/electrolyte
interface [4.11].

The presence of cathodic photocurrents allowedrgkerding of photocurrent
spectra at potentials more cathodic than the inwerpotential. For anodic films
grown on Al-55at.%Nb and on Al-40at.%Nb, the shapégshe cathodic spectra
were generally similar to the corresponding anaities, revealing estimated band

gap values similar to those obtained from the amepéectra (see Fig. 4.6).
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Fig. 4.6 Photocurrent spectrum relating to anodic film gnoan Al-55at.%Nb alloy to
9V/SCE, recorded by polarizing the electrodes a¥/9CE in 0.1 M ABE. Inset: band

gap estimate by assuming non direct optical tremsit

In the case of Al-21at.%Nb, a photocurrent taileged at energies lower than
the band gap of the corresponding oxide. Catholdatqrurrents at energies below
E, are attributed to photoemission of electrons fitim Fermi level of the alloy to
the oxide conduction band, with an internal photissian threshold energyyE=

2.25+ 0.05 eV (Fig. 4.7) estimated according tavleo's law (eq. 2.34)
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Fig. 4.7 Photocurrent spectrum relating to anodic film gnoan Al-21at.%Nb alloy to
9V/SCE, recorded by polarizing the electrodes at/9CE in 0.1 M ABE. Inset: Fowler
plot.

For anodized alloys with Nb content$6at.%, only anodic photocurrents were
observed, as typical of n-type semiconducting nmterand reminiscent of the
behaviour of NBOs (see Fig. 4.8). In order to estimate the flat baotential of
these oxides, the photocharacteristics were fatsabrding to a power law, ()" O
Ug, and a Wy coincident with the extrapolated potential of zefwtocurrent, V*,
was assumed [2.1]. The values of n and V* obtainaedach wavelength are
reported in Table 4.3. According to the data the ¥lues are not strongly
dependent on the oxide composition. The zero plotent potentials, estimated for
all the investigated alloys, displayed at constaatvelength X = 320 nm), a V*
value slightly decreasing with decreasing Nb cotteraching a value of - 0.87 V

(SCE) for the anodic films grown on alloys with Nbntent equal to 66at.%.
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Fig.4.8 Photocurrent vs potential curves relating to 9V/S®iadic films grown on Al-
66at.%Nb alloy.

The disclosed linear or supralinear behaviour (A)<over a large potential
range, as well as the dependence of n on the waytblehas been attributed to the
presence of initial (geminate) recombination e8ectf injected photocarriers.
Geminate recombination can occur if the thermdbratlength of the
photogenerated electron - hole pairs is too shorfprevent recombination of
photocarriers during the thermalization procesmjeicted photocarriers. It is typical
of optical transitions involving not extended energvels, owing to a lower

mobility of electron carriers in localized statesé¢ Chapter 2 and ref. [2.1]).
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Alloy wavelength / nm n V* [ V(SCE)
Al-66at%Nb 260 0.975 -0.88

290 0.85 -0.88

320 0.775 -0.87
Al-85at%Nb 260 0.95 -0.81

290 0.825 -0.81

320 0.80 -0.81
Al-92at%Nb 260 1.25 -0.77

290 0.875 -0.78

320 0.75 -0.79

Table 4.3 Parameters obtained by fitting according to povesv, (I,)" O Ug the
experimental photocharacteristics recorded for anfiichs grown to 9 V/SCE on Al-Nb
Alloys, at 10 mV & in 0.1 M ABE.

4.4.1 Discussion

Al,O5; and NBOs mixed oxides represent a very intriguing systenngwo the
distinctly different solid state properties of tbemponent oxides. AD; is a wide
band gap insulator with a valence band constithiethe occupied @p orbitals and
a conduction band constituted by the3al- 3p empty orbitals, separated by a high
energy gap at least 6.2 eV [4.1, 4.12], while Nl®s is an n-type semiconductor
with a valence band generated by the (occupie2f) Orbitals, but with a conduction
band comprising mainly the d orbitals of Nb. A bagap of 3.35 + 0.05 eV is
usually reported for anodic NOs [3.9, 4.2]. The study of the photoelectrochemical
behaviour of anodic films on sputtering-depositedtNA alloys of different
compositions provided evidence that by increashmgAl content in the base alloy
the optical band gap monotonically increases. euntiore, a change from n-type
semiconducting to insulating oxide behaviour occatsa constant final formation

voltage, when the Al content reaches values ofat%5
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The mixed oxide composition is directly relatedthhe base alloy composition
and to the migration rates of the metal ions’ Ahd NB* have transport numbers t
> 0 in AlLO; and NBOs respectively (fiz+ = 0.4 and §ps+= 0.23 ) [4.13]. During
anodizing of Al-Nb alloys, A" and NB* ions migrate toward the oxide/electrolyte
interface at similar rates [4.7], with simultaneonmgration of G toward the
metal/oxide interface. Fig. 4.9 shows the RBS spewtlating to oxides grown to
150 V in 0.1 mol drif ABE on Al-Nb alloys with Nb contents 66at.%. The
niobium contents of the oxides (considering cationly) are close to the contents in
the alloys to an accuracy of ~ 1 at.%. Furthermarelose similarity between the
compositions of the anodic film and the alloy hisodeen shown for Al-Nb alloys
of lower Nb contents [4.7].
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Fig. 4.9RBS spectra relating to anodic films grown to 150n/a) Al-66at.%Nb b) Al-

85at.%Nb c) Al-92at.%Nb .
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The experimental £values are displayed in Fig. 4.10 as a functior{xgf -
Xo)? assumingo = 3.5,xa = 1.50 and(y, = 1.615 (value recent used for Nb in Nb-
Ta mixed oxides, ref. 4.14) in agreement with tlaugs reported in the Pauling
scale [3.13]. In the same Figure, the dashed bkne®sponding to eq. 2.41 and 2.42
are shown. Comparison between the experimentahkies and those expected on
the basis of the correlations shows that valuesarérom those predicted by eq.
2.41. In contrast, the experimentg differs from the values expected according to
eq. 2.42 by an amount which is in a rangeA&,,, compatible with theoretical
expectations [2.36]. This finding suggests thatdke metals correlation could hold
also for Al-Nb mixed oxides, provided that the perage of d-metal in the film is
higher than, or equal to 21at.%, which is very elds the value found for

photoactive Al-W mixed oxides [2.52].
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Fig. 4.10 Optical band gap vsxé — Xav)>. ®: experimental values-: quadratic best
fitting curves ---: theoretical prediction for spcad metal oxides, according to eq. 2.40.
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On the other hand, a careful inspection of Fig04elveals that the experimental
points can be fitted satisfactorily by a straighelof slope (2.1451 eV) that is close
to that of eq. 2.41, while the coefficient B (4.Z]fs almost equal to the sum of the
two corresponding terms in egs. 2.41 and 2.42. bare by extrapolating tox6 -
Xa)? = 4 (i.e. % = 1), an optical band gap value of 4.3 eV can stemated. This
value departs significantly from thef@values reported for both amorphous [4.15]
and crystalline AlOs;, [4.1, 4.12], but is almost coincident with thenbagap
estimated for the anodic oxide on Al-34at.%Ta a[@¥2]. This last g"’t value can
be considered as the band gap of an amorphous gkigen on a sp-d-metal alloy
having the same electronegativity parameter asialum (x = 1.5).

In order to explain the compositional dependencethaf optical band gap
reported in Fig. 4.10, it is recalled that in tlese of random semiconducting alloys
E, of mixed alloys are traditionally fitted, as a ftion of their composition,
according to a bowing formula [4.16]:

Eqg(X) = Egi(1-X) + Egx — b x (1-X) 4.1a

where E and E;represent the band gaps of pure compounds (at amd =
1, respectively) and b is the bowing parameter,ctviian be derived once the
experimental band gap value of the alloy at x =if kEnown. After trivial algebraic

manipulation, eq. 4.1a can be rewritten as:
EyX) =Ej + ax + b X 4.1b

with a = (§;-Eg — b). In Fig. 4.11, the experimental band gap \@lokthe
investigated Al-Nb mixed oxides are compared withse estimated according to
eq. 4.1a. A value for fof 3.35 eV was assumed for amorphous anodic niobia
according to the experimental values estimatedis work. A value for gof 6.4
eV was assumed for amorphous alumina in the hypsthef non-direct optical
transitions [4.15]. The employed bowing parameker (4.3 eV) was calculated by
using eq. (4.1b) with = 3.80 eV for x, = 0.50. This last value was estimated by
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assuming a linear interpolation ofy Eralues between the two measuregl &
composition x = 0.4 (3.9 eV) and x = 0.55 (3.75 eV)

It is evident from the data in Fig. 4.11 that effsla,b) provide a very poor
fitting of the experimental data for Nb contert20 at.%, if we assume as the end
point at x = 1 the band gap of 6.4 eV. The fittisgworse if larger Evalues are
assumed for ADs, such as those reported for crystallingdl(7.2 — 8.8 eV) [4.1].

6.5
: y=4.3% - 1.25x + 3.35
6 | ® Experimental values
RR=1
[—
55 | Estimated value 6a

Eg/ eV

y = 0.053% + 0.9035x + 3.3491
R = 0.9979

0 0.2 0.4 0.6 0.8 1

Fig. 4.110Optical Band gap as a function of the Al cation i@z, x,. e: experimental
values ands: estimated values, according to eq. 4.1a.

On the other hand, we have recently shown ref4]4Hat eq. (4.1b) is able to
account for the dependence gfdh composition for Ti-Zr and Fe-Ti mixed oxides.
In fact after substitution of eq. 2.43 in eq. 2&@ simple algebraic manipulation,

we can write for a mixed semiconducting oxide thiéofving relation [4.14]:

Eg(X) = Egi + 2A% (Xi —Xi) (Kar Xi) + AX(X; - Xi)° 4.2a
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which recalls the standard bowing equation abovponted. A direct
comparison of eqs. 4.1b and 4.2a yields the folhgwéxpressions for the linear and

guadratic coefficients:

b= A(Xi'Xi)2 4.2b
a=2 Aii-x)(Xo —Xi) 4.2¢c

In the cases of Ti-Zr and Fe-Ti alloys, the invalreetals belong to the d block
of the Periodic Table, unlike Al-Nb alloys, dueth® sp character of aluminium. For
Al-Nb alloys, by direct substitution of the resgeety;; and A values derived
above, we obtain b = 0.0284 and a = 0.93. Bothesmatiompare quite well with the
experimentally-derived ones equal tgyl¥ 0.053 and &, = 0.904 respectively. A
still better agreement with the experimental valisesbtained by assuming for Al-

34at.%Ta a band gap value of 4.29 which is withm éxperimental uncertainty (+

0.025 eV) embodied in the measureEgpt Equation 4.2b shows that the bowing

coefficient b is always positive, whilst the line®rm can be positive or negative
depending on the sign of the tergy-X;). The linear term will be positive (negative)
if Egi is the band gap of the oxide with higher (loweparameter. According to our
correlation, lower band gap materials have a higRauling electronegativity
parameter and vice versa. For mixed oxides emdnge the value of bowing
parameter is a function of the nature of the catipresent in the semiconducting
oxides and that an almost linear dependence ob#mel gap on the composition
parameter is expected provided that the differaidbe electronegativitieg\;) of
the cations present in the oxides is small (b <f@.1\; < 0.2).

Knowledge of the band gap and flat band potentiab&es consideration of the
energetics of the alloy/oxide/electrolyte interfacevhich is of key importance for
the possible practical application of these filmslectrolytic capacitors or in solid

state junctions (MIM capacitors and memristors).
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Fig. 4.12 Sketch of the energetic levels of metal/oxide/etdgte interface for anodic

films grown on Al-92at.%Nb at pH of zero charge.

Fig. 4.12 shows schematically the energetics ofitiadic film on Al-92at.%Nb
using for U the proxy value given by the zeroing photocurigoiential V*. For
this oxide a comparison of V* (V* = - 0.79V/SCE) thiithe flat band potential as
derived from the fitting of differential admittancerves (see paragraph 4.6 and ref.
[4.9]) showed a very good agreement, so that fosexhiconducting films the V*
value at longer wavelength was used for the lonatibFermi level of the oxide in
the vacuum scale, according to the relationship] [E- = -|e|W,(rif, abs) .

In Fig. 4.12 we have located the level of SCE miee electrode at — 4.74 eV
vs vacuum, assuming for the normal hydrogen eldetra value of - 4.5 eV, as
reported in the literature [4.17]. We have to mamtihat this value is also in
between those reported in literature by Bockris6(-éV in ref. [2.21]) and by
Pleskov (- 4.4 eV in ref2.19)).

In order to have a complete image of the relativergy levels location for the

investigated alloys, we need to estimate the baige®position as a function of the
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Nb content. We can follow the procedure describadtiie anodic film on Al-
92at.%Nb for all the semiconducting oxides. Thetfstep is to estimate the B©r
the investigated oxides at the respective pH od zbarge, ph., in order to cancel
the effect of a different charge density on thedesi surface. At this aim we have

used the following eq.
Er(pHpzd = -4.74 — |e|Eh(SCE) + 0.059(pkl.- 8.5) 4.3

The employment of eq. 4.3 requires the knowledgetf. as a function of the
oxide composition, which was determined by avemdor the Al and Nb molar
fraction the pH, of pure oxides [3.21, 4.19]. Assuming pé+ 4.1 and pkl.~ 9.5
for niobia and for alumina respectively, for senmdacting films on Nb rich alloys
Us, at pH,,c was found to change linearly as a function of gkith a slope of ~ 119
mV/decade, as expected according to ref. [3.28]4.1

Once the Fermi level of each mixed oxide was ed#@thawe located the
conduction band mobility edge using the relatiopgliccording to eq. 2.14 and ref.
[2.1, 2.4)):

AER= -kgTIn(wxTp) 4.4

where AE: = (Ec-Ef)vuie To is the capture/emission time of electronic casrier
(usually assumed 18 s) andw, = 2rtf, represents the cut-off frequency (in ra,s
i.e. the frequency where an almost complete flaiteof the differential capacitance
vs voltage curve is observed [2.4].

In the case of Al-92at%Nb a value SEr equal to 0.35 eV has been estimated
by fitting the differential admittance curves itiaage range of frequency (3Biz < f
< 210" Hz) (see section 4.6 and ref. [4.9]). TAE: value is almost coincident to
that estimated for pure niobia anodic film (0.338) @n ref. [2.1, 2.4]. The
corresponding estimated cut-off frequencies areeetively 3.3510° Hz and
1.8610° Hz for pure niobium oxide and Al-92at.%Nb mixeddexrespectively. As

for the other semiconducting films we located, bglagous procedure, the flat band
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potential at pHl,. and from the capacitance vs potential curves #erdnt
frequencies we estimated the cut-off frequencies4fkHz and f ~ 2 kHz for anodic
film on 85at.%Nb and 66at.%Nb respectively) fromiaththe AE- valueshave been
derived according to eq. 4.4 (see section 4.6 ahd4.9]).

The results of such calculations are reported las.td.4 and 4.5 together with
the estimated energy levelsds for the conduction band mobility edge in the
vacuum scale. By using the measured optical bapdagahave been able to locate
in the same scale the gy levels of different semiconducting oxides. Sinbe t
reported Fermi levels, with respect to the vacuiampure Al and Nb are very close
(see ref. [4.20]) a constant value-(E- 4.30 eV) was employed for all investigated
Al-Nb alloys.

According to this an almost constant value of -A2803eV is derived for the
location of valence band mobility edge of all semniducting oxides (see Table 4.5).
Such a value is quite in agreement with the vakorted in literature for the
valence band edge of transition metal oxides eisdlgntlerived from 2p oxygen
ions orbitals [2.49, 4.21, 4.22].

Alloy UrgatpH=8.5 PHpzc Ugg at pHyc Er eV vs Cut off Ec eV
(V vs. SCE) (Vvs. SCE) | vacuum | frequency
(kHz)
Nb -0.76 41 -0.50 -4.24 334 0.33§
Al- -0.79 453 - 0.56 -4.19 186 0.35
92at.%Nb
Al- -0.81 491 -0.60 -4.14 4 0.448
85at.%Nb
Al- -0.82 5.13 -0.63 -4.11 4 0.448
8lat.%Nb
Al- -0.87 5.94 -0.72 -4.02 2 0.466
66at.%Nb

Table 4.4 -Estimated parameters for semiconducting mixed @xigiown on Al-Nb

alloys.
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As for the anodic oxide formed on Al-Nb alloy witilb content < 55at%,
owing to their insulating nature, the determinatimincut-off frequency was not
accessible in the exploited range of frequency KZO— 20 kHz), so that it was
impossible to get an estimate of thEr value for these oxides. However for these
insulating oxides no large differences are expettatie energy levels of the O 2p
orbitals as a function of Nb content into the mixeddes in analogy with that
suggested for other mixed oxides [4.20]. This satige is supported by the fact
that in the case of Al-34at%Ta an internal phot@sion threshold equal to 1.45 eV
has been previously reported [2.52] which posesthg energy level of the mixed
oxide grown on such an alloy at around -2.82 e¥ iFermi level of -4.27 eV is
assumed for the alloy. According to this and takirtg account the band gap value
of 4.30 eV for the anodic film (see table 4.5) vean docate the gy of the mixed
oxide on Al-34at%Ta at -7.12 eV below the vacuuweleot too far from the value
of -7.27 eV estimated for the, g, of the mixed Al-Nb semiconducting oxides. By
taking into account the experimental uncertaintypedied on the estimation of the
physical quantities like: metal work function, ogidptical band gapg)\Er it seems
reasonable to assume an almost constggy; Bevel (O 2p valence band of the
anodic mixed oxides) equal to -7.27 * 0.2eV in¥aeuum scale also for insulating
anodic films grown on Al-55at%Nb and Al-40at%Nbogt. The values of &, for
these oxides reported in table 4.5 have been astihzccording to this assumption

and allowed to get the schematic representatidgheoband gap of fig. 4.13.
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Nb Al-66at%Nb Al-40at%Nb Al-21at%Nb Al
Al 3s-3p CB Al 3s-3pCB
CB
Nb 5d CB CB
02p VB 02pVB 02pVB 02p VB
0 2pVB
Xn

Fig. 4.13 Schematic representation of the band edges andiudiohlloying states in

oxides grown on pure Nb, Al-Nb alloys and pure Al.

Alloy Ecem Evem
eV vs vacuum eV vs vacuum

Nb -3.89 -7.24
Al-92at.%Nb -3.84 -7.25
Al-85at.%Nb -3.79 -7.30
Al-81at.%Nb -3.76 -7.28
Al-66at.%Nb -3.67 -7.31
Al-55at.%Nb -3.49 -7.27
Al-40at.%Nb -3.37 -7.27
Al-21at.%Nb -3.16 -7.27
Al-34at.%Ta -2.82 -7.12

Table 4.5 - Ecgy and Egy values (vs. vacuum) for mixed oxides grown on Al-N

alloys.

97




On the other hand as for the anodic film on Al-2%#b the conduction band
edge, Egy, can be located at -2.05 eV by using the Fowlexsttold for the internal
electron photoemission process,(E2.25 eV) reported in Fig. 4.7 and the value of
Er = - 4.3 eV assumed for the alloys.

However, location of the valence band edge 4.11i€VE) below the CB band
edge of the oxide film causes the energy levehef® 2p orbitals (with respect to
vacuum) to be quite far (- 6.16 eV) from that estied for oxide grown on Al-Nb
alloys with Nb> 40at% (-7.27 eV) or on Al-34at.%Ta (-7.12 eV) wltn order to
overcome such a discrepancy and by recalling titatrial photoemission threshold
values near to the above reported one have beesuneglaat the Al/AO; interface
for anodic or CVD alumina film [4.15a, 4.23] we gagt that the estimated Fowler
threshold in Fig. 4.7 accounts for an internal pbtectron injection process into the
conduction band levels of anodic alumina generaiedl 3s-3p empty orbitals. In
this scheme, the indirect (non-direct) optical sitilans of the anodic photocurrent
spectra involve as final states the energy levets marrow d-band generated by Nb
orbitals located 4.11 eV above the valence bandatearound -3.16 eV below
vacuum. These results are in quite good agreemimitneoretical studies reported
in ref. [4.24] showing that the insertion of Nb iarjiies into AbO; matrix originates
“a shallow impurity band approximately located 1dd¢low the bottom of
conduction band of alumina”. According to theseulss it can be assumed that the
band gap variations of Al-Nb mixed oxides, in tlage of Al contents between 0
and 80at.%, is attributable to the variation of tdwaduction band mobility edge,
Ecem, Of mixed Nb-Al oxide.

For Nb content in the sputtered alloy around 10atiéchave not been able to
detect any anodic photocurrent by illuminating #redic oxide with photons of
energy higher than 5.3 eX & 230 nm) so fixing the band gap of the formededix
oxide above such a value. In this range of oxidepmsition the above proposed
correlation fails to predict the correct band gafue of mixed oxide and probably
the use of eq. 2.41 together with the average matiglectronegativity could provide

a better estimate of band gap values for the alumirich mixed oxides.
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Finally we like to stress that a value of 6.4 eY tfee optical gap of amorphous
ALD aluminum oxide is compatible with a value oéefronegativity parameter for
Al equal to 1.45 (a value still in agreement witlatt of the original Pauling’s scale:
Xa = 1.5 £ 0.05). The 6.4 eV value of the amorphouzsdanfilm is not too far from
the experimental value (7.2 eV, direct band gappmred in ref. [4.1] fory-Al,Oa.
We like to mention that a still lower optical bagdp value could be experimentally
extrapolated in ref. [4.1], in the hypothesis oflirect optical transitions, as
suggested by the non-zero optical absorption vahelew 7.2 eV reported in
French’s work [4.1]. Lower optical band gap val@i@sanodic alumina films could
be traced, however, to different band structuresamforphous and crystalline
alumina films as suggested for other oxides [2.3624.25] .

In summary, the solid state properties of Al-Nb edxoxides grown by anodizing
Al-Nb magnetron-sputtering alloys were studied darection of their composition.
A detailed photoelectrochemical investigation akowthe band gap, flat band
potential and conductivity type of these oxidedéodetermined. By increasing the
Al content into the oxide, Eincreases monotonically and a transition from
insulating (Nb content 55at.%) to n-type semiconducting material (Nb eaht
66at.%) was revealed for thin anodic films. Theatetence of the band gap on the
composition of mixed sp-d metal oxides has beemmalised by using a semi-
empirical correlation between the difference ofcalenegativity and band gap of
oxides proposed in the literature some years agorerently tested for regular d-d
metal mixed oxides. A chemical approach to thenest of bowing coefficient has
been suggested and its value seems to confirmoaetiieal suggestion put forward
several years ago by Wei and Zunger for explaitimgoptical band gap behaviour
of semiconductor alloys as a function of the catiomposition [4.26]. According to
these authors a bowing coefficient “relatively dnaadd constant” can be expected
for semiconductor alloys in a composition range lxere a bandlike region still
exist, while “relatively larger and compositionpgadent” bowing coefficient can
be expected in the impurity-like region. Our expwntal results, including the
region of lower K 21at%) Nb content where large variations in thécapband gap

values can be predicted according to our experiahgasults, seem to confirm the
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Wei-Zunger’s suggestion also for mixed oxides bgiog to different mains groups
(s.p or d). Further investigations are now in pesgraimed at testing the proposed

correlations.

4.5 Dielectric properties

In Fig. 4.14 we report the measured capacitan@efaaction of the Nb content
into the base alloy, recorded with a.c. frequenicy &Hz in 0.2 M NaHPQ, (pH ~
8.5). A first qualitative information arising froraig. 4.14 is that for the anodic
oxides grown on AI-Nb alloys with a Nb content 55at.% the measured
capacitance, C, is almost independent on the appl@ential, as expected for
insulating material. In contrast, for higher niahbiicontent C sensitively increases
by moving the polarizing voltage toward the catloodirection, as typical of n-type
semiconducting material. This behaviour comparel wi¢h the results reported in
section 4.4 and in ref. [4.8] where the photoetszttemical investigation evidenced
a transition from insulating (NE 55at.%) to n-type semiconducting material (Nb
66at.%).
For the anodic films with insulating behaviour, wroon alloys with a Nb content

55at.%, it is possible to use the following equatio

c=—"2 4.5

whereg, is the oxide dielectric constart, is the vacuum permittivity and,dis the
oxide thickness.

At higher Nb content a sensitive increase in theasared capacitance is
observed with decreasing frequency at constantnfiateor by decreasing the
electrode potential at constant frequency (see &iylb). This behaviour becomes
more evident with increasing Nb content into tHenfiln Fig. 4.15 we report the

squared reciprocal of the measured series capeaeit@n a function of the potential
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for 9 V anodic film grown on the richest Nb alldye. Al-92at.%Nb, recorded in 0.2
M Na,HPQ, (pH ~ 8.5) at different a.c. signal frequencies.
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o~ —— Nb81%
§ gl —— Nb66%
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=
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o
3
s 47
O
5 |
0

voltage / V (vs. Ag/AgCl)

Fig. 4.14Measured series capacitance vs potential curwve8lfdblb mixed oxides as a
function of composition. y . frequency = 1 kHz and solution: 0.2 M PO, (pH ~
8.5).
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Fig. 4.15Measured series differential capacitance relating V anodic film grown on

Al-92at.%Nb alloy, recorded in 0.2 M BMPQ, (pH ~ 8.5) at different a.c. signal
frequencies.

The comparison of the curves reported in Fig. &kéws that the measured
capacitance is also frequency dependent. Such avioein does not agree with the
simple M-S theory.

In order to get reliable quantitative informatiom ¢he dielectric constant,
thickness and flat band potential of the investdain-type SC oxides, the
dependence of the admittance component on botlel&etrode potential and a.c.
signal frequency was studied in the frame of tl®itih of amorphous semiconductor
Schottky barrier (see Chapter 2 and ref. 2.1-2.4).

In order to fit Gc and G according to eq. 2.19 and 2.20b, we need to éxtrac
the differential impedance of the semiconductingdexspace charge regiongZ

from the overall measured impedance by fitting B8 spectra recorded at several
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electrode potentials. We modelled the metal/oxideteolyte interface according to

an electrical equivalent circuit of Fig. 4.16a.
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Fig. 4.16 (a) Electrical equivalent circuit employed to mbdeetal/oxide/electrolyte
interface (see text for the meaning of the symbdls) EIS spectrum in the Bode
representation relating to anodic film grown to 9ovi Al-92at.%Nb, recorded by
polarizing the film at 3V vs Ag/AgCl in 0.2 M NHPQ,.
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The latter consists of a first part (left side iig.F4.16a) accounting for the
oxide/electrolyte interface, and a second parh{raide in Fig. 4.16a) accounting for
the a-SC space charge region. The oxide/electrahfegface was modelled by a
modified Randles circuit, wheregRs the electrolyte resistancey ks the charge
transfer resistance, which was kept constant duttiegbest fitting procedure (1
MQ cn¥) in agreement with the blocking character of théde in the exploited
potential range. Gis the double layer capacitance, kept consta2® aF cri’.

With respect to the classical Randles circuit a BMey element was inserted in
parallel with both G and R; as suggested in by Abe and co-workers for
TiO/electrolyte interface [4.27]. In refs. [4.28-4.2B Warburg element is used in
series with a capacitance,,, @0 account for the adsorption/desorption charge
processes occurring at the oxide/electrolyte iataxf owing to the acid/base
equilibrium reaction involving HOH  ions in solution. However, according to the
results arising from the fitting procedure, the @iest Abe’s circuit seems to better
fit the experimental EIS spectra, and allows a gditithg of the differential
admittance curves, as detailed described beloweblar, even by inserting, G~
90 PF cm) in the equivalent circuit of Fig. 4.16a, not apgable differences are
found in the derived DOS distribution.

Concerning the right side part of the equivalemtwit, the impedance of the
semiconductor, &, is in parallel with an arm introduced to accofamtthe presence
of surface states (see Fig. 4.16a)s &1d Rpaccount for the resistance to electronic
transfer via surface states, whilesdQaccounts mainly for the surface states
contribution to the measured capacitance. Actualig, believe that the use of
constant phase elements instead of pure capafito@ssis a better and physically
grounded choice if we consider that owing to theogshous nature of the
investigated oxide a mono-energetic surface stteedl as a frequency independent
space charge region should be a very poor apprdiximaf the electronic properties
of the amorphous semiconductor. According to thé eéquivalent circuit of the a-
SC space-charge region is now analogous to thginafly proposed by Oskam et

al., for the single crystal p-GaAs/electrolyte nfaee [4.30], after substitution of the
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pure capacitance ggand Gg with the CPE element. The best-fitting valuefgf
elements decreased largely (~ one order of magg)itudth increasing electrode
potential whilst the Bs element remained almost constant . In absencheofitm
(RsdRsHQs9) it was impossible to get a good fitting of tinepiedance spectra.

A procedure analogous to that previously reportegdHin films of amorphous
anodic niobia was followed to take into account timfuence of the arm
(RsdRsHQsg) on the impedance of the amorphous semicondu@era]. Both
components of the £ were obtained from the measured differential athmde
(DA) data and according to the equivalent circtiiFig. 4.16a, by subtracting to the
measured impedance firstly the contribution of dixéde/electrolyte interface, and
then the contribution of the parallel armgffRsgQs9) to the residual impedance.

In Fig. 4.16b we show the EIS spectrum in the Bagfgesentation relating to
the anodic film grown to 9 V on Al-92at.%Nb, receddby polarizing the film at 3V
vs SSC in 0.2 M NAIPQ,. The continuous lines overlapped to the experialent
points show the simulated dependence of the impmjmodulus,| z | , and phase
angle,@, according to the equivalent circuit of Fig. 4.1&6& the fitting parameters
reported in table 4.6. The validity of the EIS datas verified by the application of

the Kramers-Kronig transformations, as explainecein[4.31].

Ue/V Rel Ret Ch W Rss Rsp Qss n
vs. Q Q |Fem?| S€° | @ | Qen? | S€°%cem?
Ag/AgCl | cm? | cn? cm? | cn?

1 5.46| 110° | 2010° | 0.0029| 126] 6.10° | 4.0610° | 0.975
3 5.46 | 110° | 2010° | 0.0029| 132 6.40° | 3.3210° | 0.975

Table 4.6 Fitting parameters relating to EIS Spectra of aoddims grown on Al-

92at.%Nb, using equivalent electric circuit of figul.16a.

The obtained & and Gcwere then fitted according to egs. 2.19 and 2.20, a
shown in Fig. 4.17.
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Fig. 4.17Fitting of the experimental admittance curvestmetpato anodic film grown on
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It is interesting to stress that the value of stagro-field dielectric constant
(¢ (0) = 49) successfully used in the fitting procedis close to that estimated by
averaging according to the film composition thdeliric constant of anodic niobia
(53 according to refs. [3.9, 4.2-4.3]) and thaakfmina € = 9). We have also fitted
the curves of Fig. 4.17 with a field dependent etiric constant according to the

following eq. 4.6:
£ (E.) =€ (0)1-E,) 4.6

where E, is the average electric field during the diffeiehadmittance recording.
The average electric field was approximated acogrdio the following

expression:

Ug-Ug

E, = 4.7

ox

where I} is the applied potential, & is the oxide flat band potential ang, dts
thickness.

This expression is similar to that employed presigdor fitting the admittance
curves of pure niobium oxide film [2.4b] but wijte 5.5710%cm V' ande(0) = 49.
A quadratic dependence of the dielectric constanth® electric field has been
reported more recently [4.3] for anodic niobia filbut in the range of electric field
employed in this study the linear dependence wasaurate approximation.

As reported in Fig. 4.17 both the components ofdifferential admittance were
nicely fitted in the range of investigated electopotential and by taking into
account that at higher band bending when the spheege region reaches the
oxide/metal interface a constant capacitance vauebtained in agreement with

theoretical expectations [2.4c] and with the estadaxide film thickness (28&).
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We like to stress that strongly non linear M-S gl¢€,c% vs U- plot) were
obtained in a rather large range of frequencie® (#8-20 kHz), if we take into
account that at the highest employed frequencies> (1 kHz) any residual
contribution of the surface states capacitancg) (@ the measured space charge
capacitance (&) is surely negligible, we can assume that the nteddoehaviour is
completely justified in the framework of the theasff amorphous semiconductor
Schottky barrier.

From the fitting procedure a flat band potentig) & - 0.80 + 0.025 V vs
Ag/AgCIl was estimated for the anodic film on Al-92aNb, which is close to that
previously estimated by photoelectrochemical meaments (see section 4.4 and
ref. [4.8]) and slightly more cathodic than thatireated for anodic films grown to 9
V on pure Nb (see also below) [2.4a]. Also the esidvith Nb content 66at.%
show the same behaviour with respect to anodigOybaccording to previous
photoelectrochemical findings on these films (saeegraph 4.4 and ref. [4.8]).

By looking to the electronic density of states rilisttion derived from the
fitting of the admittance components for all inveated frequencies, it is possible to
have a better insight on the electronic propedfahe mixed oxide.

In Fig. 4.18a we report the average DOS vs distémmee metal/oxide interface
obtained according to the amorphous Schottky Baffieory (see chapter 2 and ref.
2.1, 2.4, 4.2) from the fitting of differential cagtance at 2 kHz, which resulted to
be spatially constant (~ 5.0 + 0:268" eV' cm®). By looking to the different
frequencies an average value of DOS equal to (3816" eV' cmi*was derived at
fixed distance from metal/oxide interface (see4fi9a). On the other hand, the
DOS distribution along the film thickness can bsoabbtained by fitting the £ vs
Ug curves. As shown in Fig. 4.18b, the DOS deriveditiing the dependence of
Gsc on potential at 2 kHz as a function of the paramat (in Chapter 2 defined)
displays both a thickness dependence as well lavgkres with respect to its
average value (see Fig. 4.18a) at apyAxalogous results were obtained for all the

investigated frequencies.
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We like to stress that owing to the finite thickeex the anodic film (i.e. 28
nm), under sufficiently high anodic polarizatioretipace charge region reaches the
metal/oxide interface, and a constant capacitasceeasured at lower potential with
increasing frequency (compare also the M-S plotsralseported). The influence of
a limited thickness on the experimentally derive@P distribution along the
distance from the metal/oxide interface will becdissed in a forthcoming paper (see
also below).

In order to evaluate the dependence of DOS asdidfmof the energy distance
[2.4a] in oxides grown on pure Nb (estimated by esamnocedure) and on Al-
92at.%Nb alloy, in Fig. 4.19a we report the DOSeyg derived by fitting the
differential capacitance curves, and estimated atoastant distance from the
oxide/metal interface (i.e.s¥ = 15 nm), at several a.c. frequencies, whilstio F
4.19b we report the analogous DOS derived by (jtihe G¢c vs Uz curves at
constant ¥ value (i.e. 15 nm) at different frequencies. Frive data of Fig. 4.19 it
comes out that by alloying Nb with a small amouBat(%) of Al metal we get a
larger electronic DOS distribution.

The DOS distribution derived fromdgfitting at different frequencies for both
pure niobia and mixed oxide on Al-92at.%Nb can lesctibed as sum of three

contributions:

_E)? EE
DOS(E) = Nr_ e _E EZO) +Ae % +const 4.8
V2 20

The first term is a Gaussian-like function, whereidthe total density of states
in the Gaussian, Jgs a characteristic energy of the Gaussian digioh ando a
parameter which accounts for the width of the Gamsslistribution; the second
term is an exponential function accounting for thiéing of DOS derived from the
conduction band electronic states, as previougbprnted for pure anodic niobia
[2.4a].
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A reasonable fitting (I Fitting) of total DOS wadbtained according to the
equations above reported, from which it is possiisleextract some interesting
information on the electronic properties of the @indilm on pure Nb and on Al-
92at.%Nb (see fig. 4.19).

The characteristic parameters, @hd o) of the Gaussian distribution for both
films seem quite similar with & 0.24 £ 0.01 eV from the Fermi level, defined
trough the relationship: &= -|e|g(ref.), where Wg(ref.) is the flat band potential
measured with respect to employed reference elietfgee Chapter 2 and ref. [2.1])
and o = 0.02 £ 0.001 eV for oxide film grown on Al-92#t.Nb alloy slightly
smaller than the value @f= 0.024 + 0.001 eV used for the oxide film growm o
pure Nb. The value of N= 1.0510" cm® for mixed Al-Nb oxide film was
appreciably larger (~ 4 times) than the value olesition anodic film grown on pure
niobium metal (~ 2.4.0' cm®).

The exponential tailing of the DOS from the conduttband mobility edge,
Ecem , Was described by a characteristic tailing pararmiat¢he Urbach region, &
equal to 0.0625 eV for niobia and 0.165 eV forthiged oxide film, its exact value
depending on the value chosen for the DOS at thalityoedge E assumed in this
case in the order of 0™ eV'cm? (in quite reasonable agreement with effective
DOS values reported in literature for d-bands [§#)32

A constant contribution of DOS (third contributioneq. 4.8) of 80" eV’cm
was added in order to have a reasonable fittinthefexperimental points derived
for pure niobia as well for mixed oxide.

We tried to change the fitting parameters (Il Rig)i in order to push eq. 4.8 to
predict a constant DOS at energy distance fromcthduction band edge larger
than 0.25 eV. In Fig. 4.19b we have overlappedh® éxperimentally estimated
points, the DOS vs energy plot obtained for the fjrown on Al-92at.%Nb with a
constant DOS parameter of 58"° cm® eV? and with = 0.105 eV, whilst an
almost unchanged N(0.910"° cm® was used. It is evident that we succeed in
predicting a constant DOS far fromdy but the quality of fitting in the energy

region accessible with the employed a.c. frequendie 2 kHz) is worse.
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We like to mention that if the EIS data were fitteglintroducing a value of C
of 90 pF cmi?in series with W element, a similar DOS distribatigas derived from
Csc as well from G¢ vs Y. plots. No appreciable differences were evidenoetthé
fitting parameters used in eq. 4.8.

The results of DOS distribution, moreover, evidetita alloying of Nb with
Al, at low concentration, affects the DOS distribntas well the doping level in
such a way that the electronic properties of theedhioxide still reflect the n-type
semiconducting behaviour of pure niobium oxide. §hthe semiconducting to
insulator transition observed in anodic films aHer Al content (Al > 34at%) in the
sputtered alloy seems to be related to the increbseergetic distance between the
Fermi level and the conduction band edge of thelexidue to the monotonic
increase of the band gap with increasing Al confse¢ section 4.4 and ref. [4.8]).

This last suggestion, based also on a detailedopleattrochemical study of
these mixed oxides (see section 4.4 and ref. [4i8]3upported by the fact that a
fixed valence band edge of the mixed oxides has leséimated in presence of a
growing optical band gap sustained by the paralidt of the conduction band edge
in the range of Al content variable from 8at.% 8a%%. The onset of the insulating
behaviour in the mixed oxides occurs at 45at.%Ahm alloy when an optical band
gap of 3.78 eV has been measured for the anodidditmed on such an alloy.

For semiconducting mixed oxides (i.e. Nb content66at.%) a careful
inspection of the differential admittance curves aagunction of the polarizing
voltage and a.c. frequency, allows to estimatatiefhing frequency of 2 kHz and 4
kHz for anodic films on Al-66at.%Nb and Al-81lat.%Nfespectively. By imposing
We = 0 at the flattening frequency in equation 2il# possible to estimate for both
the oxides the energy distance between the comuuttand edge and the Fermi
level; AE; = 0.47 eV and 0.45 eV for Al-66at.%Nb and Al-8%&lXlb, respectively.

From the differential capacitance curves, we haiallfy estimated the
dependence of the dielectric constant on the filmmmosition (see Fig. 4.20)
inserting in eq. 4.5 the oxides’ thickness of tadblé and the capacitance values of
Fig. 4.14 extrapolated to zero-electric field usieguation 4.6 as reported in ref.

[2.4c]. For semiconducting films (high Nb contetite capacitance values in HBB
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regime were employed. We want to stress that theotooic increase of(0) with
Nb content in the mixed oxidéesrather linear in the whole range of compositidhs
has to be taken into consideration that eventuallffequency dispersion of the
dielectric constant may exist, however its effestsimaller than the observed

variations (see ref. [2.4c]).
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Fig. 4.20 Dielectric constant estimated at zero electritdfias a function of the Nb

content into the oxide.

In summary, the solid state properties of Al-Nb etboxides grown by anodizing
on AI-Nb magnetron-sputtering alloys were studied a function of their
composition. The experimental findings arising frampedance measurements
evidenced the transition of the oxide from n-semétiator to insulator with
decreasing the Nb content. Moreover, the analykithe differential admittance
curves in the frame of the amorphous semicondu#tbottky barrier allows to get a
reliable estimate of the dielectric constant, flahd potential and density of states of
the Nb richest investigated oxide.

A rationale for the semiconductor to insulator sigion in amorphous mixed oxides

has been suggested by taking into account thetsesdll EIS and differential
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admittance study as well as the results of a regkotoelectrochemical analysis of
their solid state properties. The shift of the asettbn band towards higher energy
(increasingAEg) potentials, with increase aluminium content,lis main cause of
this transition. Concomitantly, the dependence hef tlielectric constant on the
composition seems to change rather linearly wighciimposition of the oxides.

This study has evidenced also that the use of figgpMott-Schottky analysis for
the characterisation of thin passive film on métadllloys is rather misleading if
used to derive information on the electronic stitetof passive film in terms of
donor/acceptor density at a single frequency adeexied in our previous works
(2.1, 2.4, 4.2). Further study is now in progressxtend the use of amorphous
semiconductor Schottky barrier theory valid for wehick film to the case of
relatively thin amorphous oxides. We like to strésast the results depicted above
are encouraging with respect to the use of amormprsamiconductor Schottky
barrier theory to extract information which is taclogically important from the

corrosion as well electronic application point @w.
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5 Growth and Characterization of anodic flms on m@netron sputtered
Ti-Si Alloys.

5.1 Introduction

The occurrence of crystallization phenomena dutimg anodizing of valve
metals and/or when high electric fields are appbedoss already formed anodic
films is an important issue for their use as digledn the electronic industry. A
dense and flaw-free barrier oxide must be formeddtk as a dielectric in capacitor
or in memristor [5.1, 5.2].

Anodic titanium oxide has attracted much attentionmicro- and nano-
electronics due the high dielectric constant of ;Ti@dnging between 24 and 53, ref.
[5.3-5.6]). However, anodic TiOfilms develop with a high population density of
flaws on high purity titanium in aqueous electrebit Thus, anodic titanium oxide-
based capacitors have not been realized practideBpite the large permittivity of
the oxide with respect to anodic aluminium oxiedg € 10) and tantalum oxide
= 27), currently used in commercial electrolytipaaitors.

Previous works [5.7] have shown that the developgroéfiaws in anodic TiQ
is associated with crystallization of the film cwgi anodizing. The crystalline
regions are reported to enable oxygen evolutioe, tdutheir increased electronic
conductivity with respect to the amorphous courdgdrpThe consequent increased
pressure can bring to film breakdown, which iside¢ntal for capacitors.

Several strategies have been proposed in thetliterao hinder or delay the
onset of crystallization during anodizing of it is widely accepted that the onset
of crystallization is delayed by the incorporatioinforeign species inside the oxide
[5.7-5.9]. These species can come from the elsg&roand, according to their
relative migration rate compared to that of thesiamvolved in the oxide formation
(i.e. T and &), they contribute to keep amorphous the outer plathe anodic
film.

But foreign species can be incorporated into thedanfilms by alloying to
titanium small amount of another element, namelic@i. The occurrence of

amorphous to crystalline transition during the ariog of Ti and Ti-Si alloys has
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been extensively studied in refs. [5.8, 5.9] by s#tu optical techniques, like
Transmission Electron Microscopy of ultramicrotonsettions, which allowed to
well characterize the structural features of thedém films as a function of the
anodizing conditions (alloy composition and ageingnodizing electrolyte).
Moreover, this transition has been related to thee €omposition by both ex situ
Rutherford Back Scattering (RBS) and Glow Dischar@gptical Emission
Spectroscopy (GDOES), which allowed to evidencepitesence of Si in the inner
part of the anodic films corresponding to the 40Rhe whole film thickness. These
experimental findings unambiguously demonstrate¢ 8iahas an effective role in
delaying the crystallization and breakdown of i@ remains to explain the effect
of Si on the solid state properties of anodic filomsTi-Si alloys. Thus, this chapter
is focused on the physico-chemical characterizatibanodic films on sputtering-
deposited Ti-6at.%Si alloys as a function of thkickness (i.e. formation voltage).
Photocurrent Spectroscopy allowed to estimate #mel lyap, flat band potential and
conductivity type of the investigated films, whitbeir dielectric constant was
estimated by differential capacitance measuremente dependence of the
photocurrent on the electric field and on the photémergy is studied taking into
account the amorphous structure of the investigiilited, and modelled on the basis
of the Braun-Onsager theory.

Part of this work was realized in collaborationhwiesearch group of Prof. H.
Habazaki (Hokkaido University, Japan). The resaftshis chapter are reported in
refs. [5.10].

5.2 Experimental

Ti—6%Si alloy was prepared by co-sputtering of 98.6tanium and 99.999%
silicon using a dc magnetron sputtering method. dll®y was deposited, as a layer
about 200 nm thick, on glass substrates [5.8-51%e deposited layers were
anodized to several final voltages (from 5 V toM0at 5 mA cn? in phosphoric

acid at room temperature.
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The experimental set-up for the photo-electrochahigeasurements has been
described elsewhere [2.1]. The photoelectrochenggpkeriments were carried out
in 1 M HsPQ, and 0.1 M (NH),B4,O; (ABE) aqueous solutions.

A silver silver-chloride electrode (0 V vs Ag/AgGl 0.197 V vs SHE) was
employed as reference electrode for all the elebgmical and
photoelectrochemical experiments.

Differential capacitance curves were recorded vk H;PO, solution with y ¢ =
10 mV by using a Parstat 2263 (PAR)

5.3 Photoelectrochemical results

Photocurrent spectra were recorded for anodic fiimeavn on Ti-6at.%Si as a
function of the formation voltage (i.e. thicknesdh Fig. 5.1 we report the
photocurrent yield, o}, (photocurrent corrected for the efficiency of thamp-
monochromator system, see ref. [2.1]) as a funatibthe irradiating wavelength
relating to a 5 V anodic film, recorded by polangithe electrode at 3 V (Ag/AgCl).

6000

5000 |
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3000 |

(1,phv)°5 / a.u.

2000 |
3 34 38

1000 hv / eV

Photocurrent yield/ a.u.

0
200 250 300 350 400 450 500

wavelength / nm
Fig. 5.1 Photocurrent spectrum relating to anodic filmsvgr to Ut =5V in 1 M H,PO,
at 5 mA cn? on Ti-6at.%Si alloy, recorded by polarizing theattodes at 3 V vs.

Ag/AgCl in 0.1 M ABE. Inset: Band gap estimate by assig non direct optical

transitions.
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As shown in the inset, an optical band gap of &¥3an be estimated for this
oxide by extrapolating to zero theph(1v)°'5 vs v plot, according to egs. 2.31 and
2.38. Not appreciable differences were evidencdtlérphotocurrent spectra relating

to thicker films for formation voltages40 V (see Fig. 5.2).
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Fig. 5.2 Photocurrent spectrum relating to anodic filmvgndo U= = 40V in 1 M HPO,
at 5 mA cn? on Ti-6at.%Si alloy, recorded by polarizing theattodes at 5 V vs.
Ag/AgCl in 0.1 M ABE. Inset: Band gap estimate by assig non direct optical

transitions

If we anodize silicon free titanium in the sameditions (5 mA crif in HsPQy)
the optical band gap is ~ 3.40 eV for formationtagé< 10 V (see Fig. 5.3a), while
Ey; = 3.30 eV can be estimated for 20 V and 40 V anditin (see Fig. 5.3b). An

appreciable tailing in the photocurrent spectra banobserved due to optical
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transitions at energy lower than the band gap efakide, which interests a wider

wavelengths range for thick films (see Fig. 5.3b).
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Fig. 5.3 Band gap estimate by assuming non-direct optieaisttions for anodic films
grown on Tiin 1 M HPO, at 5 mA crif. a) s = 5 V and ¢ = 3 V vs. Ag/AgCl in 0.1
M ABE and b) 4 =40V and g=5Vin 0.1 M ABE.

122



It is interesting to stress that the measured hgap values for anodic films
grown on both Ti and Ti-6at.%Si are higher tharstheeported for crystalline TO
(i.e. 3.2 eV for anatase and 3.05 eV for rutilee sef. [5.5]). As discussed in
previous works [5.5, 2.1], this difference canihttted to the amorphous nature of
the layers and, of relevance, it keeps constaatfasction of the film thickness for
Si containing films, while decreases for those gr@nm Ti.

In Fig. 5.4a and 5.4b we report the photocurrent patential curves
(photocharacteristics), relating to the 5 V anoflims on Ti-6at.%Si and Ti,
recorded at several constant irradiating wavelendthboth cases the photocurrent
decreases by decreasing the polarizing voltagexpscted for n-type SC materials,
and goes to zero at ~ - 0.6 V (SSC). The zero mhiotent potential can be assumed

as a proxy of the flat band potential [2.1].
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Fig. 5.4 Photocurrent vs potential curves relating to anditms grownto 5V in 1 M
HsPO, at 5 mA crif on a) Ti and b) Ti-6at.%S:i alloy Sol: 0.1 M ABE asehn rate of 10

mV s,

Moreover, in both cases the transport equationallyseamployed to describe
the behaviour of crystalline SC, based on the @&fButler model, seem to be not
adequate, as evidenced, many years ago, in a peevipaper on the
photoelectrochemical behaviour of amorphous anfildicon W [5.11]. This model

predicts the absence of any influence of the pha&woergy on the shape of the

photocharacteristics, as well as a linear deperedend Sh on electrode potential,

provided that surface and space charge recombmptienomena are negligible, as
usually occurs at high band bending as long asspla&e charge region width (or
film thickness for insulating materials) is muchaler than the light absorption
length, a*. For amorphous materials we have to take into wticthe possible

presence of initial recombination effects of inggttphotocarriers. According to
models usually employed to describe the band streiaif amorphous SC [2.1, 2.2,

2.36], localized states are present below the ottratuband edge and above the
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valence band edge, where the photocarriers show modility so favouring the
occurrence of initial recombination effects as vealla decrease of drift mobility and
lifetime of photocarriers. Thus, for amorphous mate the photocharacteristics can
be fitted according to power laws:

15, 0 (Ue ~Urg) (5.1)

where n is expected to decrease by decreasing mplestergy. Lower initial
recombination kinetic is expected, regardless @& thicroscopic mechanism of
recombination, with increasing excess energy ofedigd photocarriers. As
summarized in table 5.1, in spite of the almosincidient band gap value, the
dependence of thgxlon U: is sensitively different for the Si containing a8dfree
oxides. A sublinear (n > 1) behaviour is shown by &nodic film on Ti, while a
supralinear behaviour (n < 1) is evidenced forahedic film on the alloy. In this
last case an almost constant n value was derikaul the best fitting of the

photocharacteristics at different wavelength (340< 270 nm).

A/ nm NTi-6at.%Si i

270 0.7 2.1
300 0.7 15
340 0.7 1.3

Table 5.1.Comparison between the exponent n estimated frorbekefitting according
to eq. 5.1 of the photocharacteristics relating ¥ anodic films grown at 5 mA cfon
Ti and Ti-6at.%Si alloy.

125



By increasing the formation voltage to 10 V, nopmgeiable differences are
revealed for Si containing film, while for thickenodic oxides (> 20 V) an
inversion of the photocurrent sign is revealed bgvimg the polarizing voltage

toward the cathodic direction (see Fig. 5.5a).
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Fig. 5.5 Photocurrent vs potential curves relating to &méitms grown to 40 Vin 1 M
HsPO, at 5 mA cn? on a) Ti-6at.%Si alloy and b) Ti. Sol: 0.1 M ABEz= 300 nm and

scan rate 10 mvV's

126



This is typical on insulating material, for whicloth anodic and cathodic
photocurrent can be measured depending on thetidineaf the electric field, i.e. on
the applied potential with respect to the flat bgadential. Thus, for insulating
layers the inversion photocurrent potential canabsumed as a proxy of the flat
band potential, which results to be 0.15 V moredinthan that estimated for 5 V
anodic films (compare Fig. 5.4b and 5.5a). It igliasting to mention that there is
no evidence of the inversion of photocurrent signgure TiQ (Fig. 5.5b).

An analogous photoelectrochemical investigation pagormed in 1 M PO,
solution, which allowed to further confirm the exipeental g values estimated in
0.1 M ABE and the transition from n-type to insudgt films with increasing
formation voltage. The zero photocurrent poterftalthe semiconducting films and
inversion photocurrent potential for the insulatifigns were found to be more
anodic than those estimated in 0.1 M ABE, in agegnwith the dependence ofd)
on pH reported in [3.16].

5.4 Differential capacitance results

In Fig. 5.6a we report the differential capacitanaeves relating to anodic films
grown to 5 V on Ti-6at.%Si, recorded in 1 MO, at different a.c. signal
frequencies, f. The differential capacitance appéabe dependent on both potential
and a.c. frequency: as expected for n-type amomprsmmiconducting material
showing both an increase in the C value, when teetrede potential decreases
toward Ug, and a frequency dependent value in the regioalexdftrode potential

where the space-charge region is smaller tharothéfilm thickness [2.4b].
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Fig. 5.6 Differential capacitance curves relating to anddin grown on Ti-5at.%Si at 5
mA cm?in 1 M HPO,. f = 1 kHz and sol: 1 M §PQ,. Formation voltage: a) 5 V and b)
40 V.
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By increasing the formation voltage to 20 V, theasw@ed capacitance changes
slightly with the applied potential, and becomeas@idt potential independent for- U
> 40 V anodic oxides (see Fig. 5.6b). This behavioan be ascribed to the
insulating character of thicker films in agreemevith the photoelectrochemical
results, evidencing a change from n-type SC tolatsu by increasing the film
thickness. The dependence of the measured capazitan frequency can be
explained by the presence of localized states éntfid mobility gap of the films, in
agreement with their amorphous nature, as wellyashb presence of electronic
surface states.

According to the theory of amorphous semicondu@ahottky barrier (see
chapter 2 and ref. [2.1, 2.4]), under high banddirem (aps > Ey/2 - AEF) and high

frequency Qc — 0), C(¢s,w) OC(Y:,0) we can assume that the space charge

region width coincides with the whole oxide thickeeThis allows to estimate the

: : : . EE
oxides’ dielectric constant according = TO .

The film thickness during the anodizing of valvetale and valve metals alloys

is directly proportional to the formation voltadds, according to the following eq.
d=A(Ur - Ugy 5.2

where A is the anodizing ratio, i.e. the reciprochthe electric field strength
Es, Eoq is the equilibrium potential corresponding to thde formation. Thus, a
linear dependence of the reciprocal of the capamitaC, vs formation potential is

expected with a slope:

dct 1
dUp  &g0E4

5.3

In Fig. 5.7 we report the reciprocal of the capawie as a function of the
formation voltage i.e. film thickness. Qesults to depend linearly on:With a

slope of 0.073 cApF*v™

129



3.5

y = 0.073x + 0.0286
R%=0.9955

25

15

Ct/ pFlem?
N

05

Up / V

Fig. 5.7 Reciprocal of measured capacitance as a funcfittredormation voltage.

According to transmission electron micrographs Wfamicrotomed sections
relating to anodic films grown on sputter depositedbat.%Si in 1 M HPQ, at 5
mA cm? an anodizing ratio of ~ 20 A ¥/ can be estimated, which allows to
estimate for the films a dielectric constant of . Jhis value is quite far with
respect to the dielectric constant previously estd for anodic films on Ti [~ 50
according to refs. 5.3, 5.5], but almost coincidesith that reported in ref. [5.9],
estimated from the fitting of the electrochemicapedance spectra relating to 50 V
anodic layers on sputtering-deposited Ti-6at.%Sccdkding to the GDOES
compositional depth profiles the anodic films orStialloys can be modelled as the
series between a pure amorphous,li@er, corresponding to the 60 % of the whole
thickness, and a Si containing TLi@yer for the remaining 40% enriched in Si with
respect to the base alloy (i.e. 10at.%Si). Howeter sensitive drop of the dielectric
constant cannot be only explained by the preseh& m the anodic film. If we

assume that the dielectric constant of the innggrlaan be estimated by averaging
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for the cation fractions of SiO, (i.e. ~ 4) and of TiO,, assumed unknown, we can
estimate for the latter a value of ~ 32, thus in ease far from the value previously
suggested for anodic Ti@rown on pure titanium.

5.5 — Discussion

In ref. [5.6] it was shown for anodic films grown @i in 0.5 M HSQ, that the
dependence of photocurrent on both the appliedhfiateand irradiating wavelength
could be explained in the frame of the Onsageesity of geminate recombination,
which calculates the probability of opposite iorcambination in presence of
electric field developed for electrolytic solutiofs12], by using the approach of
Pai-Enck [5.13] to the initial recombination prosesf electron-hole pairs in
amorphous material. As evidenced by these auttwrarhorphous selenium film,
rather large separation distances as a functighofon energy were found to fit the
experimental data with a poor accordance betweenrdtical and experimental
estimates of thermalization distance. An improveneénhis approach was achieved
in 1993 [5.6], when the photocharacteristics ratptio anodic film grown on Ti in
H,SQ, solution were fitted in a rather large range abtpin energy and electric field
using as fitting parameters reasonable thermatimatlistances and a dielectric
constant averaged between the high frequency @pfiequencies) and static
values. However, the fitting of experimental datathe low band bending region
was poor, even taking into account the shift inlkg under illumination.

In the case of the anodic films on Ti-6at.%Si thestlfitting procedure of the
photocharacteristics according to eq. 5.1 evideacesry scarce dependence of the
exponent n on the photon energy in a rather laagge of wavelengths (from 340
nm to 270 nm, see table 5.1) in spite of the exgukcappreciably different
thermalization distances. This experimental findiaga further evidence that Pai-
Enck approach to the thermalization process of gataiphotocarriers is probably
not able to fully account for the initial recombiimé processes of injected
photocarriers in amorphous solids.

In order to overcome the above mentioned limiteti@nd keeping in the

equation of transport of photocarriers the field gghoton energy dependence
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necessary to account for the experimental behaviduphotocharacteristics, we
employed a model proposed by Braun for the distioci®f excited photocarriers or

charge transfer exciton (CTE) widely used with miggphotoconductors.

D*+ A~ (free carriers)

DA (ground state)

Fig. 5.8 Schematic representation of the kinetics for thesociation of excited

photocarriers or charge transfer exciton (CTE).

In 1984 [5.14] C.L. Braun posed the problem of ¢lxéension of the Onsager’s
theory to the photogeneration in solids containghectron donors and acceptors.
According to Onsager [5.12], given the initial segigpn and orientation of a pair of
ions, the probability that the pair will separateirtfinity can be obtained solving a
diffusion equation for the relative motion of twgposite charges in the net
potential provided by their Coulombic attractiomsager’s model assumes that if
the distance between the charges is zero, theirpahocably disappears (geminate
recombination). Braun poses the problem that tlisndary condition cannot be
straightforward used when free charge productiovolires bound exciton. He
addressed the question of how a charge pair cordtyee from an initial nearest-
neighbour separation to the much larger thermalzadd separation, suggesting the
scheme of Fig. 5.8 to describe the kinetics of ghdransfer dissociation. CTE can

disappear either by dissociation into free carrigith an electric field dependent
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rate constant, KE), or decaying to the ground state with rate tamsk. One may
imagine that during the lifetime of CTE,

T(E) = [k + ka(E)]" 5.4

many partial dissociations take place. In eq. 5.4ska decay rate constant of
CTE to the ground state whilst(E) is the electric field dependent rate constant
which accounts for the kinetics of separation of ECinto free carriers. The
subsequent recombinations generate CTE, which mtgbnh later dissociate
completely. This is in contrast to what expectedtloa basis of the conventional
Onsager’s theory [5.12] in which a recombining pdisappears from the system.
According to the above reported schematic reprasient the probability P(E) that

CTE dissociates giving free carriers is:

kq(E)  _ _ 1
ki +ky(E) =k(B)E) = Ky +1 >°

Kq (E)

P(E) =

The initial bound electron-hole pair can be vievesda bound exciton with eq.
5.5 representing the field dependent separatiobgtitity in presence of an electric
field and at fixed temperature. In the Braun’s nidtie dissociation constant(k)
is written by using the Onsager’'s theory of weag&cwblyte dissociation which

according to ref. [5.14] can be written as:

22(-b)°
\/E(— b)o.s

where J is the Bessel function of order 1:

05
JlJ—lz\/E(_ O] ppe 2,0, b 5.7

J2(-b)% 3 18 180"

kq (E) =kq (0)J; 5.6
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3
with b:e—E”, whilst ky(0) can be considered as the zero field
81K )£ kT
ionization rate for the generation of free carrigrsabsence of electric field. By

following ref. [5.15] l(0) can be written as:

E
k, (0) = -0 5.8
J0=aorf -]

wherewy is an “attempt to escape pre-factor” angdi€“the binding energy of
the CTE state with respect to well-separated palgpair”. According to the

previous expressions we get:

_ o exd ~Ev |5, [2/2(=b)
kd(E)—a)oex;{ EJJJWJ 5.9

so that the field dependent CTE dissociation prditaP (E) can be written as:

1
P(E) = 5.10
k: 'k, (O
1+ i 1kq (0)

| 2 \/E(— b)o.s
1 \/E(— b)o.s

which is a function of the electric field, troudietb term, as well as of the ratio
between the recombination rate constant and zexcirigl field CTE dissociation
constant. The electric field expression enteringhim Bessel function was derived
from the theory of amorphous semiconductor in i Bnd high band bending
approximation [see chapter 2 and ref. 5.6, 2.4Jubiyng the appropriate value of

density of states in the case of semiconductimgsfilwhile for thick insulating film

it was estimated angEd_iUFB). The ratio k; /kq(0) was left as adjustable
[0):¢

parameter, together with the drift range
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In order to explain the dependence of the measpinetbcurrent on the applied

potential, we used the following equation, accogdim equation 2.39:

1+al al
| . =P(B)ed,(1-R)1-exgd - x D D 5.11
ph = P(E)edq ( ){ r{ e H Tvalg

where P(E) can be now written according to eq. 58Qis the photon flux
impinging the electrode surface, R is the reflettimefficient, a is the light
absorption coefficient, 4 is the sum of drift lengths of injected (electramd hole)
photocarriers , b = (UnTh + MnTn)'Ealav ,» With Ey 5 defined as the average electric
field in the semiconductor according to the usuglression [ = A®Psd/Xsc With

AdDsc= (Ug — Ugg) representing the band bending at the potentiabhll % the
space charge region width. The space charge regdih, XSC, in amorphous SC is

B4
ey, 2

regime and xgc = X9cIn| —% -1+ 1+—(A¢SC—(//Q) in high band bending
keT Yq

expressed according to [2.1, 2.4] Wixgczxgcln in low band bending

regime with xgc S —_ space charge region width at 1 volt of band bemndin

&N(E)

In the case of insulating film or when the spacargh region reached the film
thickness the usual expressions valid for insulptimaterial were used, where
necessary, by substitution of the space chargewétimthe oxide film thickness.

The reflection coefficient has been calculated ing a three layers model (i.e.
solution/oxide/metal) under normal incidence and ibgluding the effects of
multiple reflections [5.16] with the optical consta for solution, oxide and metallic
substrate taken from the literature [5.17, 5.18].ofder to reduce the number of

adjustable parameters in the fitting procedure, tiadues of light absorption
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coefficient,a, at different wavelengths (280 e\ < 340 nm) were calculated with

equation, according to equation 2.31 (see chapaedzef. [2.1]):
ahv = B(hv - Ey)® 5.12

with B = 5.3010° cmi* eV*' and E= 3.40 eV. B was chosen so that a value of
a coincident with that reported for TiGilm in [5.19] atA = 358 nm was obtained.
Moreover this value is in the range of values uguaported for other amorphous
semiconductors [2.1].

Owing to the mathematical entanglement between light absorption
coefficient and the drift length in the general egsion of photocurrent, the value
of ut was not independently derived from the fitting ggdure unless to have a
contemporary measure of the extinction coeffictrthe films in the optical region,
where the photon energy was higher thgnHowever, from the fitting procedure
for A < 280 nm,a slightly lower than that derived from the abovepaded
relationship was employed in order to keep the daifige of photocarriers constant.
This choice is in agreement with usually observexhd in the light absorption
coefficient of crystalline and amorphous materiglpwing a tendency toward a
saturation value at photon energies significantbphér than the optical band gap
[2.1]. This general assumption is also supportethfthe experimental data on %O
amorphous film reported in ref. [5.17]. In orderdarify such an aspect we like to
mention that in our case far= 270 nm a decrease of ~ 20%qinvith respect to the
value derived from the above relationship was ehaiegkeep the samgrt in the
fitting procedure. In the case of thin films thegmtage change im was reflected
in the value ofut, so that the values of drift fér< 270 nm contain an uncertainty of
~ 20%.

Eq. 5.11 has been used to fit thevs Us curves for thin (5 V) semiconducting
and thick (20 V and 40 V) insulating anodic oxidené grown on Ti-6at.%Si, after
substitution of different expressions for all plogdi parameters embodied in the

different term of eq. 5.11.
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Fig. 5.9 Photocurrent vs band bending relating to anattitc grown to U = 5V on Ti-
6at.%Si, recorded at different wavelengths in 1 M®,. Continuous lines are plotted

according to eq. 5.11 with the fitting parameter3able 5.2

In Fig. 5.9 we report the photocharacteristicstiedpto the 5 V anodic films on
Ti-6at.%Si at different photon energy, recorded ikl H;PO,. We have overlapped
to the experimental points the curves obtained raicg to eq. 5.11 with the fitting
parameters reported in table 5.2. Eq. 5.11 requivesknowledge of the flat band
potential and, for n-type semiconducting filmsx&f:. Both these parameters were
estimated fitting the differential capacitance as\of Fig. 5.6a, which allowed to
estimate Wg = - 0.235 V(Ag/AgCl) andxgC = 48 A, corresponding to a density of
state N(E) ~ 7-18 cm® eV'. According to this it was calculated that a band
bendingA®sc = 300 mV is enough to make the space charge remgimtident with
the whole film thickness. For higher band bendihg tisual formula valid for
insulating material was used to calculate the aeerdectric field in analogous way
as operated for thick (20 V and 40 V) anodic filinsall potential range. The
employed g is very close to the zero photocurrent potentsineated from the

photocharacteristics in the same electrolyte.
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We have to mention that an influence of the phapergy of the experimental
Ugg value is expected due to the presence of surtatess since light can affect the
potential distribution at the oxide/electrolytedarface, due a change in the potential
drop at the Helmholtz double layer on going fromkda irradiation [5.20]. This can
be taken into account by inserting in table 5.2ghmmeteAUrg, which is expected
to be sensitive for strongly absorbed light. Ati@ace with film formed on pure Ti
metal [5.6], this shift is negligible (well belowudé experimental uncertainty) for 5 V
anodic films on Ti-6at.%Si in a large range of wawngths (340 — 270 nm). At the
lowest employed wavelengthh € 250 nm) a shift of less than 0.075 V ipgllvas
used for having a very good fitting for photochaesistics recorded in both 1 M
HsPQO, and 0.1 M ABE. This experimental finding suggests presence of a much
lower density of surface states in the film grownrmagnetron sputtered Ti-6at%Si
alloy. This fact could explain also the better agnent between theoretical and
experimental curves in the low band bending regimn,it is in our opinion that the
Braun-Onsager model is also a more appropriatecehiai modelling the low band
bending region.

We like to mention that the value of dielectric stamt used to calculate b was
very important in obtaining a good fitting of th&perimental curves. Too much
lower values of(¢) as that employed previously (€) = 16) to fit the
photocharacteristics of pure TiQilm, in the frame of the Pai-Enck-Onsager’s
model, did not allow to get a good agreement betwegerimental and theoretical
curves in the low wavelength regions (i.e. 340 mvhgre the Onsager approach to
the calculation of initial separation of bound eank is particularly necessary.

On the other hand at the shortest employed waviiergy = 250 nm) a good

fitting of the experimental curve was obtained disoinserting values of&) near

to that reported in the optical frequency regiorerehthe(&) is equal to the square

of refractive index. However in this case largeueal of the Kky(0) ratio were

necessary to get a good fitting agreement.

138



0.004 0.0003
=] 0.0035
@ 1 0.00025
= 0.003 }
°
< 1 0.0002
> 0.0025
1=
Q
£ 0.002 1 0.00015
S
£ o005
2 1 0.0001
o
0.001
1 0.00005
0.0005
0 0
0 1 2 3 4 5 6

UE_UFB / V

Fig. 5.10 Photocurrent vs band bending relating to anatiit grown to U = 40 V on
Ti-6at.%Si, recorded at different wavelengths id 01 ABE. Continuous lines are
plotted according to eq. 5.11 with the fitting pasders of Table 5.3.

In Fig. 5.10 we report the fitted photocharactarssfor 40 V anodic films. Due
the insulating character of this oxide, the electfield was estimated as

(Ug - Ugs)

r , Where Yg was estimated as the inversion photocurrent patesee

ox
Fig. 5.5a).

The inspection of the fitting parameters reportedable 5.2 and Table 5.3 as a
function of the incident wavelengths, shows in bedBes a clear decrease of the k
kq(0) ratio with increasing photon energies whilaterestingly, the ratio ofgksg nm
! Kq 340 nmchanges slightly with increasing film thicknesy. Bsing the data relatively
to the thin film we observed that such a ratio hegca value of about 10. By

recalling the expression of; {0) reported in eq. 5.8 and by assuming faarid oy
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the value of 19s* and 182 s respectively we can calculate the binding enekgy,
of CTE as a function of wavelength and for diffaréim. Values of F in the order
of 0.24 eV and 0.15 eV have been calculated bygusip. 5.8, from which the
polaron pair radius can be estimated.

The data of Table 5.2 and Table 5.3 discloses enatfiportant aspect relating
to the flat band potential as a function of thenfithickness. A shift of ~ 0.15 V
toward the anodic direction of &) on going from 5 V to 40 V anodic films is
reported, in spite of the almost coincident band galue (see Figs. 5.1 and 5.2).
Moreover good fittings of the,| vs Ut curves in the case of thicker insulating film
were obtained by using a shift in theglalue in the order of 0.025 - 0.075 V with
the lowest value pertaining to the experimentsiedrout at longer wavelengths
(340 nm). The small shift of d (AUgg) under illumination poses a limit to a density
of surface states in the order of16m“eVv*

On the other hand the more anodig Malue of thicker (20 V and 40 V) films is
in agreement with their insulating behaviour evitkzh by the presence of an
inversion photocurrent potential in the photochamastics. This change in the
electronic properties could be related to changdhe density of states distribution
as well as to the stoichiometry owing to the filnickening. It is known that during
the anodizing of Ti an amorphous to crystallinensiion occurs even at low
formation voltages (i.e. 10 V), which results ire tformation of crystalline region
with high electronic conductivity, where oxygen Bi@n occurs with consequent
oxide breakdown. The formation of macro-voids du@j evolution occurs mainly
at the metal/oxide interface. According to refs8[%.9], even small amounts of Si
(i.e. 6at.%) can effectively delay the onset ofstaflization processes keeping
amorphous up to high formation voltages (65 V fged alloys) the inner part of
oxide grown at the alloy/film interface, which igpected to be more sensitive to
oxygen evolution. Since the n-type semiconductihgracter of anodic titanium
oxide is usually attributed to the formation of anrstoichiometric Ti@, anodic
film, the inhibition of Q evolution can bring to a reduction of oxygen vagan
concentration, with a consequent shift of the filermi level toward more anodic

value. The increase in energy distance pfwith respect to the conduction band
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edge (higheAEr value) can account for the insulating charactehiker layers as

evidenced also by the flattening of differentiapaeitance curves even at low ac

frequency.
A/ nm a /cmt ut /et V| kel ky(0) AUgs I V
250 1.6210° 1.5110" 1.35 0.075
270 1.2310° 1.5110" 4.5 0.03
300 6.7410" 1.5010" 10.5 0.02
320 2.9910" 1.5010" 14 0.02
340 8.4210° 1.5010" 14 0

Table 5.2 Fitting parameters relating to the photocharadiesisrecorded at different
wavelengths in 1 M PG, for anodic film grown to 5 V on Ti-6at.%SKgC =48 A,

Urs = -0.235 V (Ag/AgCl) and =31

A/ nm a /cmt pt /et V1 | kel ky(0) AUgg / V
270 1.2310° 1.010%7 0.38 0.075
300 6.7410° 1.010%7 1.45 0.025
340 8.4210° 15107 2.8 0

Table 5.3 Fitting parameters relating to photocharactessticecorded at different
wavelengths in 0.1 M ABE at different wavelengttws, dnodic film grown to =40 V
on Ti-6at.%Si. g = -0.45 V (Ag/AgCI) and: = 31

5.6 Conclusions

A photoelectrochemical characterization of amorghanodic film grown on
Ti-6at.%Si was carried out as a function of filnickmess in two different aqueous
solutions, spanning a large pH range, allowingdbrgore insights on the solid state

properties of the films as well as on the genenadind transport of photocarriers.
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A band gap of ~ 3.4 eV was estimated for Si coimagitilm, higher that those
reported for crystalline Ti@ This difference is attributed to the amorphousireaof
the oxide even at high formation voltages.

In spite the constantgEvalue as a function of the film thickness, a cteafrgm
n-type semiconducting material to insulating was idenced by the
photocharacteristics and by the capacitance measumts, together with a shift
toward the anodic direction of the oxide flat bgmutential. These experimental
findings suggest that a more stoichiomteric filmowgr oxygen vacancy
concentration) grows the higher the formation \gstés.

The absence of crystallization in a wide range loitkness due to the
incorporation of Si species in the inner part oé thim allowed to fit in a
guantitatively way the behaviour of photocharast@s as a function of the electric
field and energy of incident photons. A very goodaigtitative agreement was
observed by fitting the experimental photocurremhpotential curves with a Braun-
Onsager model previously used to explain the gemirecombination process in
organic semiconductors. The use of Braun-Onsagedemto explain the field
dependence of photocurrent as a function of eldetrpotential in the frame of
theory of amorphous semiconductor allowed to gbetter fitting in the low band
bending region where larger geminate recombinatibects are expected. Smaller
drift range (11) for injected photocarriers into anodic films on6Rt.%Si alloy were
measured if compared with films grown on pure Ti & the same final potential
and under identical conditions. This finding is agreement with the different
photocurrent vs potential behaviour reported inghper and it can be attributed to a
weakening of the geminate recombinations of phot@a in pure TiQ anodic
films where a crystallization process start at Iowetentials. The results of this
investigation allow to reach a better insight ore tinfluence of different
experimental parameters on the crystallization gge®f TiQ anodic film by using

in situ PCS technique.
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6 Photoelectrochemical polymerization of PEDOT on rodic films of

magnetron sputtered Nb, Nb-Ta and Ti-Si alloys.

6.1 Introduction

A conventional electrolytic capacitor consists ofadve metal (e.g. aluminium
or tantalum), covered by an anodic film, the diglecin direct contact with an
electrolyte, the true counter electrode, which umntis connected to a current
collector, usually made by the same valve metalthien so called “solid state”
tantalum electrolytic capacitors, the liquid elebtte has been substituted by a solid
ionic conductor §-MnO,), whose conductivity is one of the drawbacks of th
device. Thus, it has been recently proposed inlitteature to replace manganese
dioxide with a conductive polymer, which in prinlgpcan show a conductivity
comparable to that of a metal [1.2a].

Since 1999 [1.2b], poly(3,4-ethylenedioxythiophertegds been successfully
proposed as suitable conducting polymer for tantakolid capacitor due to its
excellent environmental stability. Usually, PEDO3J synthesized chemically in
aqueous medium in presence of an oxidizer agemt (ierric sulphate). However,
this method can leave strongly acidic oxidant oa plolymer chains, which can
cause the degradation of the dielectric, thus teetr@polymerization should be
safer for preparing PEDOT to be employed as coustectrode in solid state
capacitors [6.1]. To overcome the difficulty of fm¥ming such electrochemical
process on dielectrics, Di Quarto et al. recentlgppsed a photoelectrochemical
method [6.2] to grow polypyrrole on tantalum oxidBuch method has been
successfully employed to synthesize PEDOT 0s0§46.1] and on Ti-Zr mixed
oxides [6.3].

On the other hand, high cost and limited availgbilbf tantalum natural
resources are pushing capacitor technologistspiage Ta with Nb, which is more
abundant in earth crust and whose oxide, i. eO\bhas a permittivity higher than
that measured for 7@s. However, as far as we know, only a paper has been
published reporting on the chemical polymerizatidpyrrole and aniline on N5

to be employed in electrolytic capacitors [1.2c].

145



Organic field-effect transistors (OFETs) employipglymeric semiconductors
have attracted great interest in the market oflalysp sensors, inverters, and radio
frequency identification tags [1.3, 6.4]. OFETs rfaétion technology exhibits,
however, several drawbacks, such as low outpuentiand high operating voltage
due to the low charge carrier mobility of organgersconductors. A possible way to
overcome these limitations is to find a good comgise between both gate oxide
dielectric constant&,) and thicknessd(,). Oxides with selected,/d.x can be
easily prepared by anodization, a room temperatete electrochemical process,
which gives the chance to tune the electronic ptagseof the films by an accurate
selection of the alloy composition and of the amindj conditions. It is proved how
the alloying of Ti with small amount of Si allows grow amorphous anodic oxides
with high dielectric constant (see chapter 5 arfd. 5.8-5.10]). The presence of
silicon is reported to hinder the occurrence oktalfization phenomena responsible
of anodic TiQ breakdown. Because of the dielectric propertiethete oxides, a
low electronic current it is expected to circulafter the oxide formation. Therefore,
in order to complete the OFET structure, a phottiedehemical process can be
designed to allow the growth of the semiconducpotymer.

In this chapter we report on the photoelectrochehpolymerization of PEDOT
on anodic films grown on magnetron sputtered Nb8%at.%Nb and Ti-6at.%Si
alloys. Photocurrent Spectroscopy was employedudysthe optical properties of
metal/anodic oxide/PEDOT/electrolyte interface ifagye range of potential, while
Scanning Electron Microscopy was used to get in&iom of the morphology of
PEDOT. The features of the photoelectrochemicallgwg polymer were also
compared with those showed by PEDOT electropolyzedrion gold conducting
substrate. Finally, output transistor charactessare recorded in order to test the
performance of the junctions in the IOFET structure

Part of this work was realized in collaborationtwiesearch group of Prof. C.
Cali (Universita di Palermo, Electronic EngineerDgpartment).

Part of the results of this chapter are reporte@fin [6.5 — 6.6].
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6.2 Experimental

Electro-polymerization was performed on gold eledé (rod 4 mm diameter or
foils) in 0.1 M LiCIO, propylene carbonate (PC, 99.8 Sigma-Aldrich) vi@th M
3,4-ethylenedioxythiophene (Edot).

Niobium films (300 nm thick) were magnetron-sputtéionto a glass substrate
using a 99.9% pure niobium target of 100 mm diamdtee deposited niobium had
a body-centred cubic structure with a 110 prefewddntation. These films were
anodized at a constant current density of 50 A%dm 0.1 mol dm® ammonium
pentaborate at 293 K, the potential being kept temtsfor 1 h at the final cell
voltage of 50 V [4.2].

Anodic films grown on Ta-85at.%Nb and on Ti-6at.%8&re prepared by
anodizing as shown in Chapters 3 and 5.

The photo-electron-polymerization was performed.ih M LiClO, propylene
carbonate (PC, 99.8 Sigma-Aldrich) with 0.04 M 8tAylenedioxythiophene (Edot)
concentration under constant irradiati@n=(310-320 nm).

The PEDOT morphology was investigated using a philXL30 ESEM
scanning electron microscope. Some of the PEDQfisfivere detached from the
substrate with copper conducting adhesive in otdeallow the view of electrode
side polymer and of its cross section.

Micro Raman analysis were performed through a RemisinVia Raman
Microscope spectrometer equipped with a micropr(@x) and a CCD detector
with a Nd:YAG laser of 532 nm.

The metal/oxide/PEDOT /electrolyte junction was istigated by PCS (see
chapter 2).

To fabricate a OFET structure (anodic films growm Ti-6at.%Si), 100 nm-
thick Au source and drain top contacts were depdsinto the polymer by thermal
evaporation. A shadow mask was used to obtaineagfetnnel of about 150m and
4.5 mm width. The fabricated OFET devices were att@rized at room temperature
using a Keithley 6487 source-meter unit (Keithleystiuments, Inc.) under
LabVIEW environment. More details on fabricationdaoharacterization of the

devices are reported in our previous work [6.7].
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6.3 Electrodeposition and characterization of PEDOTon gold

In Fig. 6.1 we report the current density vs tinneve recorded by polarizing a
gold electrode at 1.2 V (Ag/AgCI) in 0.1 M LiC}@C (Propylene Carbonate)
solution containing 0.1 M Edot (3,4-ethylenedioxgffhene).
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1 150

Current density / mA cnr?
aud Qw / Aususp abreyd

1 100
1 50

0 50 100 150 200 250

time /s

Fig. 6.1Current density and charge density vs time recobygublarizing the electrode
(gold rod) at 1.2V (Ag/AgCl) in 0.1M LiCIQpropylene carbonate solution containing
0.1 M Edot.

This potential value is more anodic than the oxisapotential of Edot/Edét
couple (Ex = 1.1 V vs Ag/AgCI in PC, according to ref. [6.8jut is lower than
oxidation potential of propylene carbonate,(E 1.8 V vs Ag/AgCl, according to

ref. [6.9]). Thus, we can attribute the measureaderu to the oxidation of monomer

and to its subsequent polymerization, accordirfpécfollowing processes:

nEdot(sol) -~ nEdot" 3rne” (6.1a)

nEdot’ 3zCIO; — (n-2)H " +|(Edot,)* (CIO}),|  (6.1b)
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where neare n-electrons, nEdot are n-monomers of ethytBoeythiophene,
nEdof are n-radical cations of Edot and z is a meastirthe doping level of
polymer. In egs. (6.1a) and (6.1b), usually repbfte the electropolymerization of
pyrrole and thiophene on conducting substrate®]6tthe formation of Edot radical
cations is the preliminary step toward the polyrgeowth and its simultaneous
doping according to eq. (6.1b) [6.11]. The curveFdf. 6.1 is analogous to those
reported in the literature for the electropolymatian of 3-4 ethylene
dioxythiophene performed in very similar experinamonditions [6.12-6.13]. After
a very short induction time (~ 0.4 s), during whigé suppose that the oxidation of
monomers brings to the formation of soluble oligesn®.13], the nucleation of the
polymer on the gold surface begins with the subsegthickening of the PEDOT
layer. A careful SEM analysis of polymer cross ®ext (see Fig. 6.2a) allowed to
estimate an average thickness of ~ |Id for PEDOT after circulation of 460 mC
cm?, corresponding to a polarization time of 230 = (B&. 6.1). If we assume for
PEDOT a density of 1.5 g c¢m[6.1], it is possible to estimate an
electropolymerization efficiency of 70 % by comparithe experimental thickness

to that estimated according to Faraday law:

d =mq 6.2
nFo

where PM is the monomer molecular weight (i.e. §480l™), p is the polymer
density, q is the charged per unit surface in G amd n is assumed 2.25, since the
polymerization of Edot is assumed to involve twectlons while the partial
oxidation of already grown film (i.e. doping) issasned to consume the excess 0.25
charge [6.14]. An efficiency lower than 100 % candxplained by the occurrence
of coupling reactions between radicals bringindotonation of oligomers soluble in
the electrolyte (not only during the induction tyneéhe occurrence of doping
process of already grown polymer, which reducesctiege effectively employed

for the polymer thickening.
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In Figs. 6.2 a-d we report the SEM micrographsatied to the morphology of

the polymer surface after three different circudat@arges.

Fig. 6.2 SEM micrographs relating to PEDOT grown potentibstdly at Ue = 1.2V
(Ag/AgCl) on gold. (a) Cross section of polymer aftérculation of 460 mC cif;
solution-side surface morphologies after circutatf (b) 460 mC cif, (c) 120 mC

cm 2, and (d) electrode side morphology.

By comparing the pictures, it comes out that PED@Eomes more porous
with increasing the circulated charge. The morpbgles different with respect to
that shown by PEDOT prepared in water [6.15] andnathyl benzoate solutions
[6.16], but very similar to that shown by the filahectropolymerized in propylene
carbonate in spite of different supporting elegti®land bath temperature [6.16].
This finding indicates a strong influence of thdveat on the morphology of the
layer. A different morphology is shown by the pobmelectrode side (see Fig.
6.2d), which appears very compact. This is in age@ with a porosity increasing

with increasing circulated charge.
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In Fig. 6.3 we report the cyclic voltammetry receddoy sweeping the potential
of the gold/polymer electrode at 10 mVis a 0.1 M LiCIQ, in PC.
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e CyCle 4
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0,6 1
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Ue / V (vs. Ag/AgCl)

Fig. 6.3Cyclic voltammetry relating to PEDOT film electrazhically grown after
circulation of 460mC ciif on gold electrode, recorded at 10mia 0.1 M LiCIO,
propylene carbonate solution.

During the forward scan an anodic peak is preseftmV (Ag/AgCl), which
can be attributed to the doping process of polyohains, while in the reverse scan
two cathodic peaks, at - 0.2 and - 0.6 V (Ag/AgChrrespond to the de-doping
process [6.8]. In the voltage range between - 2nd a 0.6 V (Ag/AgCl) the
polymeric film is stable and its electronic struetis not modified.

The grown polymer was not photoactive at the foiomatvoltage, whilst
cathodic photocurrent was observed under cathodiaripation. In Fig. 6.4a we
report the photocurrent vs wavelength curve at tamspotential (photocurrent
spectrum) recorded by polarizing the polymeric fofFig. 6.1 at — 2 V (Ag/AgCl)
in 0.1 M LiCIO, PC.
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Fig. 6.4 (a) Raw cathodic photocurrent spectrum relating REDOT film
electrochemically grown after circulation of 460 @@ 2 on gold electrode, recorded by
polarizing the Au/Pedot interface in 0.1 M LiCl@ropylene carbonate at Ue = -2V
(Ag/AgCl). Band gap estimate by assuming (b) direot 4c) non-direct optical
transitions.

At this potential the photocurrent is cathodic apexted due to the p-type
semiconductor nature of the polymer. From the phatent spectra for photon
energy in the vicinity of the band gap, it is pb#sito estimate the optical band gap
value of the polymer by following equation (accaoglito the equation 2.31 and
2.38):
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(Ipnhv)" O (hv - EgP) 6.3

where, J is the photocurrent yield, assumed proportionaheolight absorption

opt

coefficient, v is the photon energyg,

, the optical band gap and an n value equal

to 0.5 has been assumed for indirect optical tti@nsi and n value equal to 2 has
been assumed for direct optical transitions ( $epter 2 and ref. 2.36). As shown
in Figs. 6.4b and 6.4c, a direct optical transitanl.74 eV and an indirect one at
around 1.58 eV were determined, both values beérg glose to those reported in
previous works for PEDOT [6.8, 6.17]. Moreover, tilieect optical band gap of
PEDOT agrees quite well with the theoretically rastied HOMO-LUMO gap (1.68
- 1.83 eV) of oligomers extrapolated to infiniteagh length [6.18]. The lower band
gap measured in the hypothesis of indirect (or dioeet if amorphous) optical
transitions could be attributed to the formatioeanthe valence band of PEDOT, of

a band of defects (polaron and/or bipolaron) dutirgde-doping process [6.19].

Photocurrent / nA

-25 -2 -15 -1 -05 0

Ue / V (vs. Ag/AgCl)

Fig. 6.5Photocurrent vs potential curve relating to PEDD# electrochemically
grown after circulation of 460 mC ¢fon gold electrode, recorded by irradiating the
Au/PEDOT interface in 0.1M LiCl@propylene carbonate at 485 nm.
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In Fig. 6.5 we report the photocurrent vs potentialve (photocharacteristic)
recorded by irradiating the polymer surface at 486 in 0.1 M LiCIQ, PC
electrolyte. By moving the polarizing voltage todidhe anodic direction at 10 mV
s', the photocurrent decreases as typical of p-tgmeiconductors. It is interesting
to mention that the photocurrent goes to zero @65 V (Ag/AgCl), that can be
assumed as a rough estimate of the flat band pattémtpropylene carbonate. The
occurrence of doping process at potential veryeclmsmore anodic with respect to
this value (see Fig. 6.3) induces the metallizatérihe polymer and hinders the

possibility to detect any photocurrent.

6.4 Photo-electrodeposition and characterization dPEDOT on anodic
films on magnetron sputtered Nb and Ta-85at.%Nb alhy.

In Fig. 6.6a we report the photocurrent spectrutatirgy to the 50 V anodic
film on magnetron sputtered Nb (grown galvanosadiiiy, recorded by polarizing
the electrode at 8 V vs (Ag/AgCl) in 0.1 M LiCJ®C electrolyte. According to eq.
2.31 and 2.38, a non-direct band gap value of @8¥2(see figure 6.6b) can be
estimated, which is very close to that previoudtineated in aqueous solution for
films grown on Niobium in the same conditions [4.2he location of characteristic
energy levels of the junction (flat band potentiady}, ,conduction and valence band
edges) was carried out by assuming the zero photdupotential, V*, derived
from the photocurrent vs potential plot at 320 ritig( 6.7), as a proxy of the flat
band potential (& = - 0.5 vs Ag/AgCl) of the oxide/organic electri@yinterface. If
we assume that the organic electrolyte is equivat®ran aqueous solution at the
niobium oxide isoelectric point (gk), this value compares well with thegdJ
reported in ref. [4.2] estimated in strongly aciditectrolyte, according to the

following equation:

Urs = Urs pHpze— 0.059(pH - plo 6.4

where pH,. = 4.1 for NBOs [3.21]. From such estimate, after location of the

conduction band mobility edge of oxide around Ge¥7above g [4.2], the energy
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level of the valence band edge of anodic,®fpwas located at around 2.55 eV
below the reference electrode, i.e. at about OV7badow the oxidation potential of
propylene carbonate ¢£= 1.8 V vs Ag/AgCl, according to ref. [6.9]). Théstimate
of energy levels of the junction agrees with theesied anodic photocurrent, in

absence of monomer, attributed to the photo-elebtmical oxidation of the

solvent.
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Fig. 6.6 (a) Raw anodic photocurrent spectrum relating toaaadic film of NBOs,
without and with PEDOT on the irradiated surfagzorded by polarizing the electrode
in 0.1 M LiCIO, propylene carbonate at 3V (Ag/AgCI)phﬂv)O'5 vs hv plots relating to
the oxide (b) without and (c) with PEDOT.
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Fig. 6.7Photocurrent vs potential curve relating to andamélm of Nb,Os, recorded

by irradiating the electrode in 0.1 M LiCJ@ropylene carbonate at 320 nm.

In Fig. 6.8 we show the schematic picture of thergetic levels at the

oxide/organic interface.

156



-39eVv

-4.3eV

-7.1eV

— Oxidation of Edot
1.8eV

Carbonate

Propylene Carbonate solution
with monomer (Edot)

-48eV

<~ Oxidation of Propylene

Vacuum

Y.

0Vyvs.
Ag/AgCl

ev

Fig. 6.8 Schematic picture of the energetic levels at tHE#NK,Os/organic solution

(containing Edot) interface. The reported oxygeatuntion potential is from Ref. [6.9]

In Fig. 6.9a we report the current vs. time curreorded under irradiation. &
320 nm) by polarizing Nl®s at U= = 8 V (Ag/AgCl), in 0.1 M LiCIQ PC solution
containing 0.04 M EDOT. By irradiating the anodigide surface with photon
energy higher than the band gap of the anodic filns 320 nm), the growth of

polymer occurred according to the following proesss

Nb,O, + hv - ez +hjg

nEdof(sol) + nhj; — nEdot" [

(6.5a)

(6.5b)

nEdot 3zCIO; - (n-2)H* +|(Edot,)* (CIO;),| (6.5¢)

157




where @g is an electron in the conduction band of oxide BRg is a hole in

the valence band of oxide. Eqgs. (6.5b) and (6.6c¥xamnilar to eq. (6.1a) and (6.1b).
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Fig. 6.9(a) Current density vs time curve recorded by [milag the electrode (NKDs) at
8V (Ag/AgCl) in 0.1 M LiCIO, propylene carbonate solution containing 0.04 MtEdo

under irradiation at constant wavelength=(320 nm). (b) Elaboration relating to the

curve of (a) to determinate tlecoefficient of PEDOT.
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According to the energetics of the oxide/electmliriterface of Fig. 6.8, it is
evident that both the oxidation of Edot and of R€ thermodynamically possible.
The occurrence of photo-electrochemical polymeidratvas confirmed by SEM
analysis of the samples at short times or by dixéstial inspection for longer
photodeposition times.

As shown in Fig. 6.9b, during the early stages lodtpelectrodeposition,
decreases almost exponentially as a function o€itlceillated charge, i.e. of polymer
layer thickness. This behaviour can be explainethbyreduced number of photons
reaching the oxide surface with increasing polyth@kness. If we assume that the
growing polymer behaves like an absorbing metddiger with a constant light
absorption coefficienty, it is possible to fit the experimental curve actog to the

following eq.:

[on(Qpn) = Ipn(0) exp(-4.9- 10 dpepor Coh) 6.6

where |}, is the photocurrenty the light absorption coefficient of the growing
polymer and g}, the photocirculated charge per unit area. Fromiriliel slope of
the Ly Vs gy curve, a light absorption coefficient of ~ 4.8' i can be estimated
by eq. 6.6, which is in agreement with the valuegorted in the literature and
slightly lower than that estimated with the samecpdure during the early stage of
electropolymerization of polypyrrole on F& but under irradiation of
monochromatic  light at  shorter  wavelength [6.2].  Atlonger
photoelectropolymerization time a deviation frore finear slope is observed, that
can be explained by considering that the photo aiidd occurs on a surface
progressively larger with respect to the initiakaowing to a spot light smaller that
the whole exposed surface. A possible variatiorthia efficiency of the photo
oxidation of Edot cannot be excluded although weehao experimental evidences
supporting this hypothesis.

A morphological study of PEDOT photoelectrochenicajrown on NbOs
electrodes was carried out. In Figs. 6.10 we reth@tSEM micrographs of solution-

side and oxide-side PEDOT grown on niobium oxidee Torphologies in both
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cases are really different with respect to thoselesced for electrochemically

grown polymer (see Fig. 6.2).

(b)

(d)

Fig. 6.10SEM micrographs relating to PEDOT grown photoetsstiemically A = 320
nm) at U = 8V (Ag/AgCl) on NBOs after circulation of 120 mC crh (a and b)
Solution-side surface morphologies, (c) oxide sit@phology and (d) cross section of
polymer.
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The solution side micrograph (Fig. 6.10a) revediat tthe surface of the
polymer is slightly corrugated, with the presendecompact and flat regions
delimited by interconnected ridges of polymeric en@, missing for
electrochemically grown polymer even at higher wdmted charges. Analogous
morphology has been reported for Poly(3-hexylthep) grown by spinning
coating on Li:ZnO film spin coated on ITO glassrrgol-gel solution [6.20] as well
for Polypyrrole film electrodeposited on ITO [6.21h this last work both the
shrinkage and the drying of the polymer were didedras possible source of
wrinkles formation. According to our results theserphological features are rather
independent from the method of growth of polymesstlsat the wrinkles seem
originated during the growth process at the oxidigfper interface and affected
mainly by the polymer-oxide interaction governinige tadhesion process. By
comparing the morphological features of the polyafeer doping and de-doping no
appreciable differences were evidenced, thus stiggethat the morphology of the
polymer is not strongly influenced by the anionsoirporation.

At higher magnification an irregular morphology apps between the ridges on
the solution side polymer but less porous than shatvn by the electrochemically
grown polymer after the same amount of circulatearge (compare Fig- 6.2¢c and
6.10b). A very uniform surface was observed on @xsitle polymer formed by the
cohesion of small polymer islands (Figs. 6.10c).

In Fig 6.10d we also report the SEM micrographtiegato the cross section of
the photoelectrochemically grown polymer. By avargghe measured thickness on
several areas of the same sample and on severplesart was possible to estimate
the efficiency of the process, as described in@e@.3, very close to that estimated
for electrochemically grown polymer. In spite oétfough estimate, the efficiency is
very close to that previously reported for the phelectrochemical synthesis of
polypyrrole on tantalum oxide in MeCN solution.

The presence of PEDOT in its metallic state ongindace of the anodic film
does not modify appreciably the shape of the anptictocurrent spectra with
respect to those recorded in absence of polymerKge 6.6a), neither the value of

measured optical band gap (see Fig. 6¢). In facvatue (3.39 eV) is coincident
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with that reported in Fig. 6b thus suggesting tthet measured photocurrent is
sustained by the photo-holes generated in the ealband of the niobium oxide.

The growth of polymer film partially absorbing thecident light accounts for
the decreasing photocurrent intensity recorded ruedastant anodic polarization
(see Fig. 6.9a). The formation of a metallic-likéype degenerated semiconductor is
suggested owing to the anion doping process destiitbeqs. (6.5¢).
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Fig. 6.11 (a) Raw cathodic photocurrent spectrum relating t&EDBT
photoelectrochemically grown after circulation o201 mC cm? on oxide (NbOs)
electrode, recordedby polarizing the Nb/RYPEDOT interface in 0.1M LiCIQ
propylene carbonate at.& - 2V (Ag/AgCl). Band gap estimate by assumingdiogct
and (c) non-direct optical transitions.
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By polarizing the oxide/PEDOT/solution interfaceden cathodic potential, the
de-doping process allows to evidence the p-typeaciter of the polymer. In Fig.
6.11a we report the cathodic photocurrent spectoimNb,Os/PEDOT/solution
junction recorded at - 2 V vs Ag/AgCI. A direct @atl transition at 1.78 eV (Fig.
6.11b) and an indirect one at around 1.46 eV (Biglc) were determined; both
values being very close to those estimated for PED@wn on gold electrode.

In Fig. 6.12 we report the photocurrent vs potérmtisve recorded at 500 nm in
0.1 M LiCIO, PC electrolyte relating to the polymeric film gnovon Niobium
oxide. From this figure it is possible to see it potential of zero photocurrent is
more cathodic than those measured for PEDOT grawgadd electrode; probably
owing to an additional potential drop inside thebium oxide absent for conducting
substrate like gold.
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Fig. 6.12Photocurrent vs potential curve relating to PECADW photoelectrochemically
grown after circulation of 120 mC c¢fmon oxide (NbOs) electrode, recorded by
irradiating the Nb/NBOs/Pedot/Solution interface in 0.1 M LiCjQvropylene carbonate
at 500 nm.
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Fig. 6.13Anodic photocurrent spectrum relating to an andittit on Ta-85at.%Nb alloy
(Ug = 10 V vs Ag/AgCI), recorded by polarizing the é¢fede in 0.1 M LiCIQ
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Photocurrent vs potential curve relating to andimdilm on Ta-85at.%Nb

alloy, recorded by irradiating the electrode in M1LiClIO, propylene carbonate at=

280 nm.
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In Fig. 6.15 we show the schematic picture of timergetic levels at the
oxide/organic interface relating to anodic oxidewn on Ta-85at.%Nb until 10V
vs. Ag/AgCl, potentiodinamically at 10 mV/sec il NaOH; band gap and flat
band potential are estimated by photocurrent Spect(see fig. 6.13) and
photocharacteristic (see fig. 6.14) as for,G§ We locates the conduction band

mobility edge of oxide around 0.37 eV abovg id agreement with ref. [4.1].

Vacuum

-3.87eV 7356

-43eV -48eV

CB.
E._ 037evy T

Reduction of O,
0Vyvs.
1.0ev Ag/AgCI
™ Oxidation of Edot
— Oxidation of Propylene
Carbonate

Propylene Carbonate solution ev

with monomer (Edot)

Fig. 6.15 Schematic picture of the energetic levels at the8%at.%Nb/anodic
oxide/organic solution (containing Edot) interfacEhe reported oxygen reduction
potential is from Ref. [6.9]

As for Nb,Os, according to the energetics of the oxide/elegteointerface of
Fig. 6.15, it is evident that the oxidation of Edoh this anodic oxide is
thermodynamically possible.

In fig. 6.16 we report the growth curve during phetectropolymerization of
Edot on anodic oxide grown on Ta-85at.%Nb. As ig.F.9a, during the early

stages of photoelectrodepositigp dlecreases almost exponentially as a function of
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the circulated charge, i.e. of polymer layer thieks1 The exponential fitting of the

curve allows estimating a PEDOT light absorptioeftioient, a, very close to that
estimated from Fig. 6.9b.
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Fig. 6.16 Current density vs time recorded by polarizing anakide grown on Ta-
85at.%Nb (Y = 10 V vs. Ag/AgCl) at 3V (Ag/AgCl) in 0.1 M LiCIQ propylene

carbonate solution containing 0.04M Edot under tamsirradiating wavelengthA (=
310 nm).
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The occurrence of photo-electrochemical polymeioratwas confirmed by

SEM analysis (see micrographs of fig. 6.17).

Fig. 6.17 SEM micrographs relating to PEDOT (solution-sigéptoelectrochemically
grown on anodic oxide on Ta-85at.%Nb.

The morphologies of Fig. 6.17 are similar to thos# PEDOT

photoelectrochemically grown on p; (see Fig. 6.10 a).

6.5 Photo-electrodeposition and characterization dPEDOT on anodic
films on magnetron sputtered Ti-6at.%Si alloys.
In Fig. 6.18a the formation voltage vs. time curgeorded during the anodizing

process is reported. According to the high fieldchamism (see chapter 5 and ref.

[5.8-5.9]) a constant slope%—\t/ , Is expected:

dvV _ jEgM

6.7

t zFp

in whichj is the measured current densibf,is the molecular weight of the
growing oxide z the number of electrons circulating per mole ofrfed oxideF the

Faraday constanp the film density andg; is the electric field strength across the
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growing layer. It is important to mention that anstant(ij—\t/ suggests that no

breakdown phenomena occur during the film growttgantrast to the behaviour of
pure Ti [5.8]. From eq. 6.7 and assumjmg 3.7 g crit (according to ref. [5.9])Eq
=5.35 MV cm' can be estimated, corresponding to an anodiziigoé~ 19 A V™.
Thus, assuming an equilibrium potential for Ti @tion to TiQ of ~ - 1.2 V (SHE)
[3.12], formation voltages of 10 V and 50 V (vstteade) correspond to thickness of
~ 20 nm and ~ 100 nm, respectively in order toitabe two OFETs with a bottom-
gate/top-contact.

In Fig. 6.18b we report the capacitance vs. paémtirves recorded in 1M
HsPQ, solution superimposing to the continuous voltagarall alternative signal
(Vac = 10 mV) aff = 1 kHz. The measured capacitances were signtficarfluenced
by the formation voltage, i.e. film thickness. Aspected a lower value was
measured for the thickest oxide but, more impolyar@ resulted to increase by
polarizing the 10 V anodic film toward the cathodicection, as typical ofi-type
semiconducting material, while was almost potertidependent for 50 V oxide, as

typical of insulating material (see section 5.8 &ef. [6.6]).
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Fig. 6.18 a) Formation voltage vs. time curve recorded dyutime anodizing of Ti-
6at%Si at 5 mA cif in 1 M HPO,. b) Capacitance vs. polarizing voltage curves
relating to 10 V and 50 V anodic films. Sol: 1 MRy, vac= 10 mV and = 1 kHz.
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In Fig. 6.19 we report the photocurrent versus Wength curve at constant
potential (photocurrent spectrum) relating to theodic film grown to 50 V,
recorded by polarizing the electrode at 8 V vs. AggZl in 0.1 M LiCIQ, in
propylene carbonate. As shown in the inset of Bi49, an optical band gap of ~
3.45 eV can be estimated by assuming non diregtaptransitions. An almost
coincident band gap was estimated for the 10 V.filitmese band gap values are in
agreement with those estimated in aqueous solutiorexide grown to several final

formation voltages (see Chapter 5 and [ref. 5.10]).
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Fig. 6.19Photocurrent spectrum relating to anodic film gnawn Ti-6at%Si to 50 V at 5
mA/cn? in 1 M HsPO,, recorded by polarizing the electrode at 8 V ih Bl LiClO, in
propylene carbonate. Inset: bandgap estimation &suraing non direct optical

transitions.

In Fig. 6.20 we report the photocurrent vs potértiave (photocharacteristic)
recorded by irradiating the anodic oxide grown @6dt.%Si ath = 340 nm in 0.1
M LiCIO, PC electrolyte; an inversion of the photocurreiginsis revealed by
moving the polarizing voltage towards the cathodiection. This is typical on

insulating material, for which both anodic and calic photocurrent can be
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measured depending on the direction of the elefilid, i.e. on the applied potential
with respect to the flat band potential. The insnabehaviour of thick anodic films

is in agreement with the experimental findings réguebin Chapter 5 and ref. [5.10].
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Fig. 6.20Photocurrent vs potential curve relating to andimélm on Ti-6at.%Si alloy,
recorded by irradiating the electrode in 0.1M Li¢fBopylene carbonate at= 320 nm.

The presence of cathodic photocurrent at potemtiate negative that &4
allowed recording cathodic photocurrent spectra.Fig. 6.21 we report the
photocurrent vs wavelength curve recorded by patagithe anodic oxide at -2 V
vs. Ag/AgCl. As shown in the inset, an optical bagap of ~ 3.5 eV can be
estimated for this oxide by extrapolating to zdre (lphhv)o'5 vs hv plot. This value

is close to that estimated from anodic photocurspettrum of Fig. 6.19.
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Fig. 6.21Photocurrent spectrum relating to anodic film grawnTi-6at%Si to 50 V at 5
mA/cn? in 1 M HPQ,, recorded by polarizing the electrode at - 2 \0ih M LiClO, in
propylene carbonate. Inset: bandgap estimation &suraing non direct optical

transitions.

For insulating layers the inversion photocurrenteptial can be assumed as a
proxy of the flat band potential, which resultsgdég. 6.20) to be g ~ - 0.2 vs
Ag/AgCI. If we assume that the organic electroligeequivalent to an aqueous
solution at the titanium oxide isoelectric pointHg. ~ 5.8, see ref. [3.21]), this
value compares well with the gkJreported in chapter 5 estimated in 0.1 M
ammonium biborate electrolyte (pH ~ 9). KnowinggUlocating the conduction
band mobility edge of oxide at ~ 0.5 eV abovg; (kee Chapter 5 and ref. [5.10])
and knowing the band gap, the energy level of #lence band edge of anodic film
on Ti-6at.%Si can be located at around 2.78 eV\bdhe reference electrode, i.e. at
~ 0.98 eV below the oxidation potential of propyenarbonate. Thus, anodic
photocurrent can be sustained by photo-electroataroikidation of the solvent in
Edot free solution, while cathodic photocurrendssociated to £reduction (see the

energetic sketch of Fig. 6.22).
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Fig. 6.22 Schematic picture of the energetic levels at thie6al.%Si/anodic

oxide/organic solution (containing Edot) interfacBhe reported oxygen reduction

potential is from Ref. [6.9]

In Fig. 6.23 we report the current vs. time cur@earded under irradiation. &
320 nm) by polarizing the anodic oxide grown on6ai:%Si at Y = 8 V
(Ag/AgCl), in 0.1 M LICIO, PC solution containing 0.04 M EDOT. By irradiating
the anodic oxide surface with photon energy highan the band gap of the anodic
film (A = 320 nm, i.e. 3.87 eV), the growth of polymerwated according to photo-
electropolymeric reactions above reported (see @§%. The dependence of current
on time is very similar to that already observedirty the photoelectrochemical
polymeriazation of Edot on anodic oxides on Nb (&g 6.9) and Ta-85at.%Nb

(see Fig. 6.16).
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Fig. 6.23 Current density vs time recorded by polarizing anaikide grown on Ti-
6at.%Si (Y = 50 V) at 8V (Ag/AgCl) in 0.1M LiCIQ propylene carbonate solution
containing 0.04 M Edot under constant irradiatirayalength X = 320 nm).

According to the energetics of the oxide/electmlitterface of Fig. 6.22, it is
evident that both the oxidation of Edot and of P€taermodynamically possible.

The control of the circulated charge allowed aningtion of polymer’s
thickness of roughly 200 nm.

A morphological study of PEDOT photoelectrochenticairown on anodic
oxides on Ti-6at.%Si electrodes was carried oue Jitwrface morphology is shown
in Fig. 6.24a (solution-side) and Fig. 6.24b (oxside), while polymer, while
polymer cross section of PEDOT is depicted in Big@4c. The morphologies in both
cases are really different with respect to thoselemced for electrochemically
grown polymer on gold (see section 6.3) but areilaimwith respect to those
showed for photo-electrochemically grown polymer amodic films (see section
6.4).
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Figs. 6.24SEM micrographs relating to PEDOT grown photoetadiemically A = 320
nm) at Ue = 8V (Ag/AgCl) on anodic film on Ti-6at.%&fter circulation of ~ 60 mC
cm2 (a) Oxide side morphology, (b) Solution-side auef morphologies and (c) cross

section of polymer.

The as prepared PEDOT is in its metallic statesthureduction step is
necessary to allow polymer de-doping, i.e. to briRgEDOT in its p-type
semiconducting state. The redox potential for PED®duction is at - 0.5 V vs
Ag/AgCI in propylene carbonate, according to thsults reported in section 6.3.
Due to the large film thickness (i.e. high formatigoltage), it was necessary to
perform the de-doping process under strong cathgai@rization (- 3 V vs
Ag/AgCl) in order to account for the potential dragross the insulating oxide.

In Fig. 6.25a we report the cathodic photocurrepecrum of anodic
oxide/PEDOT/solution junction recorded at - 3 V A&g/AgCl. A direct optical
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transition at 1.78 eV (Fig. 6.25b) and an indirece of ~ 1.46 eV (Fig. 6.25c) were
determined; both values being very close to thatenated for PEDOT grown on
gold electrode and on other anodic oxides (sedoseét3 and section 6.4). The
photo-activity of PEDOT shows that the polymerrists semiconducting behaviour

and that de-doping process is occurred.
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Fig. 6.25 (a) Raw cathodic photocurrent spectrum relating tBD®T film
electrochemically grown after circulation of ~ 60Cnem? on anodic oxide of Ti-
6at.%Si, recorded by polarizing electrode in 0.1i2I0, propylene carbonate at Ue =
-3V (Ag/AgCl). Band gap estimate by assuming (b) dorct and (c) direct optical
transitions.
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Fig. 6.26a) Raman spectra relating to PEDOT photo-electroatadly grown § = 320
nm) at Ue = 8V (Ag/AgCl) on anodic film of Ti-6at.%Sas prepared and after de-
doping process. b) Magnification of Fig. (a).
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The occurrence of de-doping process is also supghdsy the Raman analysis. In
Fig. 6.26 we report the Raman Spectra relating t8D®T soon after
photoelectrodeposition and after occurrence of diedp According to ref. [6.22], a
shift toward lower wavenumber of the symmetrie-Cp bond mode is expected as
a consequences of the dedoping process. As shothe imset of Fig. 6.26, such
band shifts from 1436 cinfor as prepared PEDOT to 1424.7 tror dedoped
polymer. The latter value is higher than that régbin ref. [6.22], suggesting a not
fully completed dedoping process.

6.5.1 Electronic characterizations in FET structure

Fig. 6.27 shows the I-V output characteristics af @QFET with a gate oxide
fabricated by anodizing a Ti-6at%Si alloy to 10 Me inset displays the bottom-

gate/top-contact structure of the device.

drain current, mA

0 1 2 3 4 5

drain-source voltage, V

Fig. 6.271-V output characteristics of an OFET with a Ti948i6% gate and 20 nm-

thick oxide layer grown by anodization to 10 V. Tiheet shows the device structure.
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The slope of each curve in the triode region didalmange with the gate-source
voltageVgs meaning that the channel resistance was not depeon gate voltage.
The behavior of the device is typical of alFET. Furthermore, when the drain-
source voltag®/ps equals 0 V, a negative currdgtflowed from drain to source and
increased with\[gd. Clearly, the current afps = 0 V was injected from the gate.
This phenomenon can be explained considering teatl0 V anodic film behaves
like n-type semiconductor, reminiscent of the T@haviour (see chapter 5 and ref.
[5.1]). Under negative bias, current can flow tlgbhuthe oxide due to a partial
metallization of the film. The oxide performance syan fact, improved by
increasing the formation voltage to 50 V. Therefdieck layers are reported to
behave like insulating materials, as detailed deedrelsewhere (see chapter 5 and
ref. [5.1] and section 6.5). Another device wastfabricated without changing any
other parameter but the gate oxide thickness, @reVi output curves are shown in
Fig. 6.28. The inset shows the transfer charatiegslculated folVps = 4 V and

fitted with a quadratic curve.
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Fig. 6.281-V output characteristics of an OFET with a Ti98i6% gate and 100 nm-
thick oxide layer grown by anodization to 50 V.eétsTransfer characteristicpfV gg)

calculated for s = 4 V and fitted with a quadratic curve.
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Unlike the measurements reported in Fig. 6.27s ipassible to see that each
curve crosses the origin of tixey axes, meaning that the drain current is zero even
whenVps = 0. Consequently, no current was injected fromgate and the device
behaved as p-MOSFET. This improvement of the device may be tascribed to
the insulating character of the oxide.

Measurements reported in Fig. 6.28 confirmed that ©FET worked as a
depletion device, due to an incomplete de-dopindhef polymer. The threshold
voltageV; was calculated to be 2.7 V.

The slope of the characteristics in the triode argiid not change witNgs
Carrier mobility # can be calculated from the expression of the drament in the
pinch-off region:

Wu

I, =&y (VGS_Vz)2
2Ld,, 6.8

where the oxide dielectric constantgg = & with £ = 31 (see Chapter 5), the
channel length id ~ 150 um, the channel width i3V = 4.5 mm, and the oxide
thickness i, ~ 100 nm. After calculation, a value of 120%{vis) was obtained.
In order to find a model able to explain the bebawf the fabricated device, this
value of mobility was substituted in the expressaindrain current in the triode

region:

W,
I =&, —lu|:2(VGS =V )WVps = V;S]
2Ld,, 6.9

The plot of the eq. 6.9 for different values \tfs was a bundle of parabolas

passing through the origin. In the triode regione tparabolas did not fit the
measured curves, as shown in Fig. 6.29.
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Fig. 6.29 Comparison between measured curves in the trigglerreand the theoretical
model for the device with 100 nm-thick oxide lay&he standard MOSFET relations,
plotted for an extrapolated mobility of 120 cm2/{Vtead to a bundle of parabolas
which do not fit the experimental data. A propeétirfg is obtained by adding a linear
term to the standard MOSFET relations ot 3.3 cm2/(Vs) and R = 370

Actually, the value of mobility calculated by eq86vas not the real one [6.23],
since it was affected by the presence of ohmicerusr flowing through the more
conductive polymer layer, which are present inftime due to a de-doping process,
i.e. polymer reduction, not uniform along the filhickness.

A more reasonable calculation should take into astthese currents by adding

an ohmic term to the expression 6.9:

Wy
*2Ld,,

VDS

I,=¢ [Z(VGS =V )WVps = Vgs]'FT

6.10

whereR is the measured resistance between source andadnatiacts wheiVgg

=0 V. A value ofR ~300Q was obtained by a two-probe resistance measurement
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Since in the triode region all the characteristios/es of the device were overlapped
and were approximately linear, it is evident tha second term in the expression
6.10 is predominant with respect to the first oBg.considering that the second
term was at least one order of magnitude highar tha first one, it was possible to
estimate an upper limit for the mobility of 3.3 %(\'s), considerably lower than the
one calculated by the expression 6.8. Assurping 3.3 cnf/(Vs), more physically
reasonable [6.23], one could find a proper valuetfe resistancér to fit the
experimental curves (in the triode region) with theoretical model expressed by
the eq. 6.10. As reported in Fig. 6.29, a suitéiltiag was obtained foR = 370Q.

6.6 Conclusions

A photoelectrochemical method for the electropolsimaion of Edot on wide
band gap anodic anodic films on magnetron sputtBifedmagnetron sputtered Ta-
85at.%Nb alloyand magnetron sputtered Ti-6at.%&as successfully realized. A
SEM characterization was performed on both eleb&gotcally and
photoelectrochemically grown polymers for compattingir morphological features.

Soon after fabrication polymers were dedoped bgduction step in order to
change their conductivity type (from metallic totype semiconductor). The
occurrence of dedoping process was confirmed byaRaanalysis.

A photoelectrochemical investigation was perforriredrder to get information
on the solid state properties (band gap, flat haotdntial, conductivity type) of the
polymer and, thus, on the energetics of the metalkédelectrolyte interface. The
comparison of the photoelectrochemical propertieP®DOT prepared on anodic
oxides with those of the polymer electrochemicaligwn on gold did not evidence
appreciable differences.

Finally, output transistor characteristics wereorded in order to test the
performance of the junctions in the IOFET structure

Devices performances resulted to depend on oxelgrehic properties, which
are in turn influenced by the oxide composition &nthation voltage. A transistoric
effect was evidenced when 50 V anodic film on Tif&5i was employed as

dielectric. However, problems relating to a notfoamn polymer de-doping were
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modelled in order to trace the route for furthepiovements in the electrochemical
fabrication process of OFETSs.

The described method allowing for the polymerizatid conducting polymers
on non conducting substrates can play an importdatfor the fabrication of large
area metal/oxide/conducting polymer compositesamby for solid state capacitors

but also, more generally, for organic/inorganictlenic devices.

182



REFERENCES

[6.1] K. Ueno, L. Dominey, H. Uchi and R. S. Alwitdournal of The Surface
Finishing Society of Japan, 60, (2009) 179.

[6.2] F. Di Quarto, V. Figa, P. Bocchetta, M. Sangaia, Electrochem. Solid State
Letters, 10, (2007) H305.

[6.3] F. Di Franco, P. Bocchetta, M. Mosca, C. Cili Santamaria, F. Di Quarto,
Electrochimica Acta, 56, (2010), 737.

[6.4] C. D. Dimitrakopoulos and D. J. Mascal®8M J. Res. Dey45, (2001), 11.
[6.5] F. Di Franco, P. Bocchetta, M. Santamariad & D. Quarto Electrochim.
Acta, 56, (2010), 737.

[6.6] M. Mosca, R. Macaluso, G. Randazzo, M. DilBeF. Caruso, C. Cali, F. Di
Franco, M. Santamaria, F. Di Quarto, ECS SolideStatters, 2(11), (2013), N205.
[6.7] 5. F. Di Franco, P. Bocchetta, C. Cali, M. 9da, M. Santamaria, and F. Di
Quarto,J. Electrochem. Sacl58, (2011), H50.

[6.8] M. Dietrich, J. Heinze, G. Heywang and F. danJournal of Electroanalytical
Chemistry, 369, (1994), 87.

[6.9] A J. Bard, L. R. Faulkner, Electrochemical thleds: fundamentals and
applications, John Wiley & Sons, (2000).

[6.10] B.L. Funt and A.F. Diaz, Organic Electrochstry: an Introduction and a
Guide, p. 1337, Marcel Dekker, New York (1991).

[6.11] E.M. Genies, G. Bidan and A.F. Diaz, J.dileanal. Chem.,149, (1983) 101.
[6.12] H. Randriamahazaka, V. Noel and C. Chevdoyrnal of Electroanalytical
Chemistry, 472, (1999), 103.

[6.13] A.L. Melato, A.S. Viana, L.M. Abrantes, Eteachimica Acta, 54, (2008),
590.

[6.14] R.J. Waltman, J. Bargon and A.F. Diaz, yiChem., 87(1983), 1463.
[6.15] S. Patra, K. Barai, N. Munichandraiah, Symfet., 158, (2008), 430.

[6.16] R. Kiefer, G.A. Bowmaker, R.P. Cooney, PKilmartin, J. Travas-Sejdic.
El. Acta, 53, (2008), 2593.

[6.17] M. Kertesz, C.H. Choi and S. Yang, Chem. R&05, (2005), 3448.

[6.18] S.S. Zade and M. Bendikov, Organic Lett8g2006), 5243.

183



[6.19] Z.V. Vardeny and X. Wei, in Handbook of Carating Polymers, ? ed., T.
E. Skotheim, R. L. Elsenbauner and J. R. Reyndiiters, p. 639 Marcell Decker,
New York (1998).

[6.20] M. T. Lloyd, Y-J Lee, R. J. Davis, E. Faiy,M. Fleming, J. W. P. Hsu, R.
J. Kline, M. F. Toney, J. of Phys. Chem. Lettetk3,1(2009), 17608.

[6.21] M. J. Miles, W. T. Smith, J.S. Shapiro, Ruabr, 41, (2000), 3349.

[6.22] W.W. Chiu, J. Travas -Sejdic , R. P. Cooaeg G. A. Bowmaker, J. Raman
Spectrosc., 342006), 1354.

[6.23] Y. Harima, T. Eguchi, and K. Yamashita, Syettc Met., 95, (1998), 69.

184



7 Summary, conclusions and perspectives

In this PhD work we studied the possibility to uséully electrochemical route
to fabricate metal/oxide/conducting polymer junototo be employed in several
electronic devices such as electrolytic capacitord inorganic-organic thin field
effect transistors.

The first part of the research activity was devotedthe fabrication and
characterization of high k oxides with good dielectproperties. We selected
anodizing as versatile low temperature wet elebiatdcal process to grow anodic
films of valve metals and valve metal alloys (mepecifically, magnetron sputtered
Nb-Ta, Nb-Al, Ti-Si alloys). The selection of tharmer metals and of their relative
amount in the base alloys as well as the choidbeofinodizing conditions allowed
for tuning the solid state properties of the oxides

All the three listed systems, i.e. Nb-Ta, Nb-Al ahdSi mixed oxides, were
characterized by in situ electrochemical, photatetehemical and impedance
measurements and by ex situ techniques, such as Qikcharge Optical Emission
Spectroscopy, X-ray Photoelectron SpectroscopyRarttierford Back Scattering, in
order to get information on the solid state prapsr{band gap, flat band potential,
conductivity type, dielectric constant) of the ndxexides as a function of the base
alloy composition and anodizing conditions (forroati voltage, growth rate,
anodizing solution). Such information, which arepofmarily importance in view of
possible application of the oxides in electronigides, resulted to be very useful to
assess some theoretical aspects relating to thendepce of the band gap of mixed
oxides on their composition as well as to influen€¢he amorphous nature of the
film on their photo-electrochemical behaviour amdtloeir impedance.

In the second part of this work, the deep knowlealgéne solid state properties
of the investigated oxides was used to design #oplextrochemical process able to
allow the electro-polymerization of Edot on a nainducting substrate (more
specifically anodic films on magnetron sputtered Nb-85at.%Nb and Ti-6at.%Si
alloys). Photocurrent Spectroscopy was employestudy the optical properties of

metal/anodic oxide/PEDOT/electrolyte interface ifagye range of potential, while
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Scanning Electron Microscopy was used to get in&tiom on the morphology of
PEDOT. A Raman analysis also performed to studydiseloping process of the
polymer. The features of the photo-electrochemjcgliown polymer were also
compared with those showed by PEDOT electro-polizadron gold conducting
substrate.

In order to test the fabricated junctions in Orgédnbrganic Field Effect
Transistor (FET), PEDOT was electrochemically dpeatb(i.e. reduced) to work as
p-type semiconducting material. In the case of andilin on Ti-6at.%Si, the
electrical characterization revealed a transisteffect, and its performance was
studied as a function of thickness and solid gtatgerties of the anodic oxide. By
modeling the current-voltage output curves, weneetied some typical parameters
of the device, such as threshold voltayg,and carrier mobility . Since p was
found to be higher than the value usually repoitethe literature for PEDOT, we
suggested as possible explanation the occurrence mét uniform polymer de-
doping process, which induces the formation of mmweductive paths across the
film and, thus, the presence of high ohmic currents

The research activity developed during this thregrs PhD work shows that we
were able to accomplish the main aim of this prpjas stated in the title. However,
it leaves a few open questions on the possiblemigdtion of both fabrication
process and devices’ performance. More specificélifher tests can be done with
conducting polymers other than PEDOT. In this cabe knowledge of the
energetics of the metal/oxide/electrolyte interfagd# guide in the selection of
monomers, whose oxidation potential must be leddenthan the oxide valence
band edge. Finally, it will be necessary to betesign the de-doping process, which
requires a strong cathodic polarization, that Gamse oxide litiation and consequent
oxide electric properties degradation. Work is naw progress to design a
photoelectrochemical reduction step, that can iadualymer de-doping under low

cathodic overvoltage.
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