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Abstract

Anodic films were grown to 5 V (Ag/AgCl) on mechaally polished Hf in 0.1 M ammonium
biborate and 0.1 M NaOH. Independent of the anodizionditions, the photoelectrochemical
characterization allowed the observation of opticahsitions at 3.25 eV, i.e. at photon energy
lower than the band gap of HfOThey are attributed to localized states insiageghp of the oxide
induced by the presence of oxygen vacancies. Ftemcathodic photocurrent spectra, it was
possible to estimate an energy threshold of ~ 2V5for internal electron photoemission
phenomena. The impedance measurements provedrthation of insulating oxides with = 19.
The anodizing occurs under a high field regime wath activation energy of 1.1 eV and an

activation distance of 3.8 A.



1 - Introduction

Within the past years, intense research has besedaut on HfQ as high dielectric constant
material, a promising candidate to replace S gate dielectric in MOS based devitésnd as
metal oxide for resistive random access memory &R’ For both technological applications,
compact, uniform and flat oxides are necessaryderao reduce probability of oxide failure. Since
hafnium is a valve metal, anodizing can be an ieffic technique to prepare HfQayers of
controlled thickness, as recently proposed by Hasskco-workerg:*°

Barrier type anodic films can be grown on valve atgesuch as Al, Ta, Nb, Ti, W, Zr, Hf, etc., by
anodizing. i.e. an electrochemical process usymlyormed at room temperature, allowing for the
growth of oxides with composition, thickness, marlgyy and properties easily tuneable by
selecting the valve metals or valve metals allope@canodized, as well as the anodizing conditions
(electrochemical bath, formation voltage).

The anodic films growth mechanism has been extehsstudied in the past starting from earlier
seminal work of 1961 by Yourd,where the high field conduction model was propdsedescribe
the anodizing process. A deeper understandingeofathic transport across the growing films was
possible when experimental techniques based oroaaiilie tracers? ion implantation® and
nuclear analytic techniquésallowed following the cation and ionic fluxes sistng the film
growth during the anodizing process. Steps forveardhe knowledge of all the species involved in
the anodizing process, even those incorporated fthen electrolyte, were made with the
development of ultramicrotomly, enabling the direct observation in transmissioectebn
microscope of anodic films cross sections, and Wititherford Back Scattering (RBS) and by Glow
Discharge Optical Emission Spectroscopy (GDOESkingeavailable compositional depth profiles
of the anodic filmg®*’

Anodizing of valve metals usually proceeds by stamgous outwards migration of valve metal
cations (oxidized at metal/oxide interface) and amf¢ migration of anions (hamely*(@H),

developing film material both at the film/electrtdyand metal/film interfaces. Cations and anions



carry ionic current in a percentage directly praojpmal to their transport number. According to
previous results reported in the literature, witiception of Zr and Hf, transport number of metal
cations is comparable to the transport numberZat<onic current during anodizing of Zr and Hf
is almost entirely sustained by anions migratiesslthan 5 % being carried by metal catigns.

A survey of the already published works on Hf amodj reveals that only a few papers have
addressed the study of the kinetic of growth ofdime@xides:®*° reporting kinetic parameters far
from each other. In this work we want to study mhechanism of growth of anodic films on Hf by
anodizing the metal in ammonium biborate and sodmydroxide aqueous solutions. Anodizing is
performed under potentiodynamic conditions at savewnstant potential scan rates to check if the
dependence of the anodizing current density orekbetric field strength across the growing oxide
is well described by the high field mechanism. Etsthemical impedance measurements are also
performed in order to get information on the eleelr properties of the anodic films and on the
dielectric constant as a function of the growingditons. The investigation is also supported by
photoelectrochemical measurements allowing to gdbrmation on the energetic of the
metal/oxide/electrolyte interface and the preseofcelefects on the oxides that can induce the
presence of allowed localized states inside theilibolgap of HfO,, that can induce oxide

instability and leakage current.

2- Experimental

Pure hafnium rod (0.5 cm diameter, 97% from GodaolfelMetal), embedded in a Teflon cylinder
and sealed through a two components epoxy resirr @eal Varian Ass.), was used as working
electrode in all the experiments. Electrode surfaaes abraded with P800 and P1200 papers and
then rinsed with distilled water. Anodizing was regdl out potentiodynamically up to 5 V vs.
Ag/AgCI (0.197 V SHE) at different potential scaates: 2, 5, 10, 20, 50, 100, 200, 500 and 1000

mV s*. Three electrodes setup was used for all the sxgtewth with a Dimensionally Stable



Anode (RuQ@ activated TiQ, Tip7Ruw 302) net as counter electrode and an Ag/AgCI electrasle
reference electrode. Anodizing electrolytes werke M. NaOH (pH = 13) and 0.1 M ammonium
biborate (ABE, (NH).B,0O-4H,0, pH ~ 9) aqueous solutions.

The experimental set-up for photoelectrochemicabstigations was described elsewh8re. A
450 W UV-Vis xenon lamp, joined with a monochromatallows irradiation of the working
electrode through a quartz window. A two-phase Joclamplifier was used, coupled with a
mechanical chopper (chopping frequency = 13 Hz)¢hables the separation of photocurrent from
the total current circulating in the cell. All thexperiments were performed in air at room
temperature in 0.1 M ABE.

Impedance and differential capacitance measuremates carried out in a 0.25 M PO, (pH-~

9) using a Parstat 2263 (PAR), connected to a ctengar the data acquisition. A platinum net
with a very high specific surface area was usedoasiter electrode, while Ag/AgCl electrode was
used as reference electrode. Differential capamgtameasurements were recorded by sweeping
electrode potential from 3 to -0.8 V vs. Ag/AgCltiwia constant a.c. frequency signal. The
impedance spectra were generated by superimposittgtbe continuous potential a sinusoidal
signal of amplitude 10 mV over the frequency rah§® kHz—100 mHz, and the results were fitted
using ZSimpWin software. Fitting parameters relgatio measurements performed with at least
three different anodic films grown in the same dgbads (i.e. scan rate and anodizing solution)

differ of less than 10%.

3- Results

3.1 - Anodizing behaviour

Mechanical polished Hf was anodized in 0.1 M ABEl @l M NaOH potentiodynamically at
several constant scan rates (ranging from 2 mVYosl V s). In Figures 1a and 1b we show the

potentiodynamic curves recorded at all the scaesrat both the electrolytes. During the forward



scan, current suddenly increases and reaches astatonstant plateaux value, while it decreases
rapidly during the reverse scan as expected farevaletals>** However the current density during
potentiodynamic anodizing in NaOH solution is higtiean that measured in ABE.

Under high field regime electric field strengthy, Bcross a growing anodic oxide, and growth rate,

dV/dt, are linked by the following equatidh:

av_ EM1
dt zFo r

[1]
where j is the measured current density, M is tlodeoular weight of the growing oxide (210.5 g
mol™), z = 4 the number of electrons circulating peleraf formed oxide, F the Faraday constant,
p the oxide density (9.68 g ¢ij) r the roughness factor (expressed as the ratioeen the real and
the geometrical surfaces) andthe growth efficiency. The latter accounts for fhection of the
overall circulating current,,j, dissipated in processes other than oxide formatior instance

oxygen evolution or oxide dissolution, thus:

_ J form

[2]

Jtot

where jom is the current density effectively employed fore thim formation. Eq 1 allows
calculating for each scan rate the correspondiegtret field strength, provided that r andare
known. We have estimated a roughness factor of2~cdémparing the growth curves relating to
mechanical polished Hf and sputtering-deposited Mhose surface is flat at the nm scale.
Concerning the growth efficiency, H§Gs reported to be chemically stable for pH %*4ven if
some authors report that hafnium oxides dissolvesrongly alkaline solutiorfs.If we assume =

1, according to eq 1,& 4.7 MV cm* and E = 4.3 MV cm’ for anodizing Hf at 20 mV'5in 0.1



M ABE and 0.1 M NaOH, respectively. From the electield strength it possible to estimate the
anodizing ratio, A, i.e. the reciprocal of the etecfield strength, providing an estimate of film

thickening per each applied volt. Therefore, akéidayer is expected to grow in NaOH.

3.2 — Photoelectrochemical measurements

Anodic photocurrent spectra £ 3 V (Ag/AgCl)), relating to 5 V anodic films gnm in both 0.1

M ABE and 0.1 M NaOH electrolytes at 10 mV, sire reported in Figure 2a. The dependence of
photocurrent on irradiating photon wavelength ig¢ nmdluenced by anodizing electrolyte. By

assuming indirect optical transitions the followieguation hold$®°

(1 hv) O (hv - E) 3]

in which Ly is proportional to the light absorption coeffideand v is the photon energy.

According to eq 3, it is possible to estimﬁgm = 3.25 eV by extrapolating to zero thgifl)" vs.

hv plot with n = 0.5 (shown in Figures 2b and 2c)isT¥alue is significantly lower than the band
gap reported in the literature for Hf@5.1 — 6.1 eV) 2 thus suggesting that the measured
photocurrent is due to optical transitions invotymlowed localized states inside the mobility gap
of the oxide. Their origin, concentration and enalptributions have been extensively studied, due
to the large interest on the electronic propewiesafnia in view of its possible application in NSO
based devices? They can be present even in a perfect crystal @naequence of the potential
well created in a perfect crystal by lattice pdation induced by the carriers themselbes.
According to theoretical studies based on statfr@gch and density functional theory, hole and
electron polarons create localized states close¢héovalence and conduction band edg@s.
Localized states can be also generated by strlictafacts that, in the case of HfCare mainly

oxygen vacancies in different charge states. Oxygaancies in hafnia can be double or single



positively charged\('", V), neutral 6/00), and single or double negatively chargdl ( V"),
depending on the number of trapped electf8iSOn the basis of theoretical calculations of the

formation energy of each defect, the dominant deteexpected to b¥ . The transition energy

from the states generated by a significant conatatr of single negatively charged oxygen
vacancies to the conduction band is reported t8.BeeV by different authofS:*® This energy
value is almost coincident with that estimated fréigure 2, thus suggesting the formation of an
oxygen deficient hafnium oxide during the anodizprgcess in both solutions. It is important to
mention that we are not able to determine the mustent due to optical transitions involving
electrons from the valence band to the conductamdpsince the experimental set up employed in
this work has a very poor efficiency at short waweiths (200 - 230 nm) , thus being very difficult
to reveal photocurrent at the corresponding phetargy.

Dependence of photocurrent on applied electrodenpat, i.e. electric field strength across the
anodic film, was also studied under constant iatdg energy. As shown in Figure 3, by scanning
the electrode potential downward at 10 ni¥/ photocurrent changes from anodic to cathodic, as
suggested by the photocurrent phase angle (notteg)aand as expected for an insulating oxide,
where the photocurrent sign depends on the directidhe imposed electric field strength. i.e. on
the potential with respect to the flat band potdntirs. Therefore, the zero photocurrent potential
provides a rough estimated of the flat band paakmti the oxide. In wide band gap oxides the
inversion potential is usually higher than the fland potential due to the occurrence of
recombination phenomena involving photo-generakectren-hole pairs at low band bendittg®

We have also recorded photocurrent spectra at entpalt below the b, as shown in Figure 4,
where we report thed vs. wavelength curves, recorded at¥J- 1 V (Ag/AgCl) for oxides grown

in both 0.1 M ABE and 0.1 M NaOH. At this low potah a photocurrent tail appears in the long
wavelength region of the spectra, as shown in Eidilr (UV filter was used to avoid photocurrent

doubling effects). As already found for other vaiaetal oxides and also reported for anodic films



on sputtering-deposited Hf, such photocurrent canatiributed to photoemission phenomena,
involving electrons of the metallic hafnium prombt® the conduction band of the oxide. In such

case the dependence gfén photon energy is described by the Fowler &>

(1) ° O (hv-E,) [4]

in which By is the energy distance between metal Fermi leg&l, and oxide conduction band

edge and can be estimated by extrapolating to mercébh)o"r’ vs. v plot (as shown in Figures 4c
and 4d). f resulted to be ~ 2.15 + 0.1 eV, independently mod&ing solution, in agreement with
previous experimental resufts.

In previous works we have shown that during thedaog of other valve metals in ammonium ion
containing solutions, such as ABE, N incorporatomeurs provided that the pH of the anodizing
bath is higher than the pH of zero charge of thidest***° N incorporation induces the formation
of allowed localized states close to the valenaedbedges of the anodic oxides. Even though the
pH of zero charge of HfQis lower than 9 (pkic =7.1)* the anodic films grown in ABE have the
same photoelectrochemical behaviour of anodic fignswn in 0.1 M NaOH. Therefore, we
conclude that N incorporation does not occur apabdg in the case of Hf and/or the corresponding
localized states are very close to valence banc eyl do not induce any change in the
photoelectrochemical behaviour of the oxide.

The same photoelectrochemical characterizatiorbbas performed for anodic films grown on Hf
at different scan rates. In Table 1 we summaribedrésults obtained for films formed in 0.1 M

ABE, confirming that the photoelectrochemical bebavis almost independent of the growth rate.

3.3 - Impedance measurements



In Figures 5a and 5b we report electrochemical tlapee spectra in the Bode representation (i.e.
impedance modulus and phase angle vs frequen@gategely), relating to anodic oxides grown on
Hf in both 0.1 M ABE and 0.1 M NaOH electrolytescorded at Y= 3 V (Ag/AgCl), i.e. under
potential higher than the flat band potential. Tinpedance spectra can be very well simulated by
the electrical circuit shown in Figure 5c, consigtof Ry, accounting for the electrolyte resistance,
in series with a parallel betweenyRrepresentative of the oxides resistance, agdaQConstant
Phase Element (CPE) introduced to model oxide d@pee. Fitting parameters are reported in
Table 2. The very high R values as well as the CPE exponent n close tog@iesti that anodic
oxides behave almost like pure capacitors, as djreaported for anodic films grown on valve
metals?>>* It is worth mentioning that & for the film grown in ABE is slightly higher thamhat
estimated for the anodic oxide grown in NaOH, tBuggesting the formation of a less defective
oxide at pH = 9. We have also recorded EIS spattpmtential lower than ¢4 (see Figures 6a and
6b) and, notably, they were very similar to thehhgptential EIS spectra, as also confirmed by the
fitting parameters reported in Table 2. The EIScaperecorded for anodic oxides grown at
different scan rates are very similar to those rmepbin Figures 5 and 6, thus suggesting the
impedance of the film is not significantly influesdt by the growth rate in agreement with the
photoelectrochemical findings. This is confirmedtbg fitting parameters of the EIS spectra under
anodic polarization (K = 3 V (Ag/AgCl)) and cathodic polarization £U= -1 V (Ag/AgCl))
reported in Tables 3a and 3b.

In Figure 7 differential measured capacitance curiecorded by sweeping electrode potential from
3 to - 0.8 V (Ag/AgCl), are reported. For films gno in both 0.1 M ABE and 0.1 M NaOH at all
constant a.c. signal frequencies (i.e. 10 kHz, ¥ BHd 100 Hz), capacitance is almost independent
of electrode potential and slightly dependent aqdiency, as expected for defective insulating
oxides®® However, the measured capacitance was slightfgreift, with a higher value measured
for the film formed in alkaline solution. Assuminijat the oxide can be modelled as a simple

parallel plate capacitor, the oxide capacitancessamessed a¥:



d [5]

whereg, (8.85 x 10 F cmi') is the vacuum permittivitye the oxide dielectric constant and d its
thickness. Assuming that dielectric constant of Hi® 197 it possible to estimate the oxide
thickness from eq 5, once the measured capaciteacdeen corrected for the Helmholtz double
layer capacitance (i.e. 20F cm®). We used the capacitance measured at 10 kHzdteeethe
contribution to the capacitance arising from lapedi states inside the g&}s*> The film thicknesses

estimated from the capacitance are reported inelélind result do not differ significantly.

4 - Discussion

The experimental results reported in Section 3wallasight into the mechanism of hafnium
anodizing. The growth of anodic films on valve nei@f which Hf is an example) is presented as
a problem of ionic conduction at high field stramgtomplicated by the occurrence of transfer
processes at the metal/oxide and oxide/electramyeefaces:* The high field conduction has been
studied in the case of the so called valve metdis.main assumption of the high field model is that
anodic oxide growth is sustained by hopping of reoiains acquiring energy from thermal agitation
plus the applied electric field sufficient to juntipe potential barrier and reach the next closest
available site. Following Verwel/, the movement of ions within the film is the ratetetmining
step for the overall growth process, while Mott aabrerd>*® assumed as rate limiting step the
entry of oxidized metal ions at the metal/film ifiéee. Independent of the step controlling the
overall growth process, according to the high figldchanism, an exponential dependence of the

current density j on the electric field strengtieipected, according to the following equattdn:



j = Nugex _W_aaqu - joex aaq(UE_UFB) [6]
KT k,Td

in which N is the surface density of mobile ionstheir vibrational frequency, q the charge
associated with mobile ions, W the activation egyeo@ is the activation distance or half barrier
distance, given by the product between transfefficat a and the jump distance agUls the
applied potential, k is the Boltzmann constant and T the absolute tesmye. In Figure 8 we
report the logarithm of the plateau current den@tyeraged from at least 3 runs) as a function of
electric field strength derived by anodizing HfQrl M ABE and 0.1 M NaOH, corresponding to
different employed scan rates and derived accortbngg 1. A linear dependence of In j op E
supports the ability of the high field model in delsing the anodizing of Hf. Electric field streigt
between ~ 3 and 5.8 MV c¢hwas estimated as a function of the growth ratepparable with
previous values reported in the literattré”*®From the linear fit of this plot, it is also pdsisi to
calculate the parameters describing the kinetigrofvth of the anodic oxidesy pnd aa. We
assumed q = 2 x 1.6 x 1DC, since according to previous results reportethén literature®*°
anodic films growth for hafnium is almost entiralystained by migration of ) while Hf** ions
are almost immobile with a transport numkef.05. From the slope of the best fitting line we
estimated a half jump distance of 3.8 A, while ativation energy of 1.1 eV was estimated from
the intercept during the anodizing of Hf in 0.1 MBR. A half jump distance of 3.3 Aand an
activation energy of 1.0 eV were estimated in refato Hf anodizing in 0.1 M NaOHxa well
compares to the activation distance reported byngduand with hopping distances calculated
theoretically>® while it is far from other values reported in tagure (that are significantly lower
than the value expected according to the latticarpaters of m-HfQ which is the more stable
hafnia polymorph at room temperatut&$?

The estimated barrier height has been comparedailigr values reported in the literature, and it

was in very good agreement with the value repotigdYoung:' as well as with the value



calculated theoretically by density functional the® Notably, in the latter work the authors have
also calculated the energy barrier for oxygen vegdiopping, which is strongly dependent on the
direction of motion, ranging from 90.47 meV aloihg &<001> direction to 2814.79 meV along the
<010> direction. The value estimated accordingigufe 8 falls in this energy range.

The estimated kinetic parameters were used to atulhe potentiodynamic curve for the
anodizing of Hf at 20 mV'5in 0.1 M ABE following the procedure describediterature>*>? The

oxide thickness has been estimated according tfotleeving equatior™
4 = dy [ ] = 0y + {7 ] 7
pZF orm pZF Of

whered, is thethickness of the air formed oxide.rifis assumed to be constant, the film thickness
can be computed by an iterative spreadsheet solafieqs 6 and 7. As shown in Figure 9a, there is
a very good agreement between the experimentalh@nsimulated curves assuming=d15 A, n ~

1 and Y =- 0.8 V (Ag/AgCI). Moreover, the oxide thicknesstimated according to eq 7 is almost
coincident with that estimated from the capacitanen the anodizing is performed in NaOH
according to the kinetic parameters derived froguF@ 8, assumption of ~ 1 does not provide a
good agreement between the thickness estimatedtfrerapacitance and that estimated according
to eq 7. We have to considegr< 1 and us&a and W derived from the growth curves recorded in
ABE, where anodizing occurs at 100% efficiency. &fciency of ~ 91% allows improvement of
the fitting of the j-V curve, as shown in Figure. 9ine thickness of the anodic oxide grown to 5 V
(Ag/AgCI) in NaOH is very close to that estimatedm the capacitance (see Table 4). To get more
insight into the phenomena responsible of an efficy < 1, we have measured the oxide
capacitance during potentiostatic polarization ¥t @&g/AgCl) in NaOH. As shown in Figure 10, a
current density of 0.31A cm? was measured during thé' hour of polarization, but it became

negligible for longer times. The capacitance (aodsequently the oxide thickness) measured after



each step of potentiostatic polarization (see Edul) remains almost constant, thus suggesting that
the current is employed for oxide repairing anddoroxygen evolution reaction.

All the experimental findings can be used to sketoh energetic of the metal/oxide/electrolyte
interface, as depicted in Figure 11. In order tsifoan the energy levels of Hf anodic oxide, we
need to know Hf work function (3.9 e¥)and we set the oxide Fermi level”E according to the

following equation®®

EEX = _HU FB + |e|U ref [8]

in which e is the electron charge ang;lis the potential of the Ag/AgCI reference electamith
respect to the vacuum scafeThe charge transfer for the oxygen evolution ieacat oxide films

is usually explained in terms of electron tunnelfinAfter the early stages of the anodizing process
when oxide with thickness is > 2 nm, direct tuninegllis not probable, while it is likely that
tunnelling occurs through localized stat€ie latter are transient states produced as a goesee

of the mobile ions responsible of oxide growth andtates generated by the presence of defects
(for instance oxygen vacancies). The more negatinelibrium potential for @evolution reaction

in alkaline solution (and, thus, the higher avdéativervoltage) can account for the presence of a

larger electronic current dissipated during thedexXormation in NaOH with respect to ABE.

5 — Conclusions

Anodic films were grown to 5 V (Ag/AgCl) on mechaal polished Hf in 0.1 M ABE and 0.1 M
NaOH potentiodynamically at different scan rate$ie Tphotoelectrochemical characterization
revealed that band gap, flat band potential andléfotireshold are not significantly influenced by
the anodizing electrolyte as well as by the grovetie. Optical transitions from allowed localized

state inside the band gap of the anodic oxidesé¢ocbnductions band were indicated, and are



associated with the presence of oxygen vacanciglerfilms. The conduction band edge was
located at -1.75 eV with respect to the vacuumeputing to the Fowler threshold. The impedance
measurement allowed the conclusion that the oxiédsve as insulating materials, with dielectric
constant of 19.

The dependence of the anodizing current on the troate was studied in the frame of the high
field model. Anodizing in ABE proceeds at high ency with an activation energy of 1.1 eV and
an activation distance of 3.8 A, which are phys$jcatasonable if compared with other results
reported in the literature. The anodizing in alkalsolutions occurs at lower efficiency due to the
presence of oxide dissolution phenomena and/orexxggolution reaction.

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

which is crucial to evaluate any technological aation of the oxide.
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Tables

Growth

Egopt =

Py ;%;e (eV) (eV)
2 3.21 2.10
10 3.25 2.25
50 3.26 2.13
1000 3.19 2.25

Table 1. Optical transition (E’pt) and threshold energy (ffor Hf anodic films grown at different

scan rate in 0.1 M ABE.

Anodizing El(?t((;etrrl(t)igle Rel Rox Qox n
electrolyte Vv \'/O& Ag/AGC) (Q cm?) (Q cm?) (S & em?d
0.1 M NaOH 3 8 961xP0 1.78x1C 0.982
-1 8 3.86 x 16 1.93 x 10 0.974
0.1 M ABE 3 8 2.07 x 10 1.73 x 1¢° 0.985
-1 8 1.13 x 10 1.85 x 10 0.977

Table 2. Fitting parameters relating to EIS spectra of 5 ¥aHodic oxides, grown in ABE and

NaOH, using equivalent electric circuit of Figure 5

Growth | = 0
e 0oX 0oX
S(?Ti? g’;e Q@cm?) (Q@cmd) (S$cm?d) n
2 8 1.69x10 169x1F 0.986
5 8 1.01x16 1.77x16F 0.986
20 8 1.38x 1D 1.78x10F 0.984
50 8 1.36 x1® 1.85x10F 0.977
100 8 957x10 1.85x1F 0.984
200 8 1.37x10 220x106F 0.979
500 8 9.68 x 10 2.00 x 1 0.983
1000 8 9.91x10 2.13x10¢F 0.980

Table 3a.Fitting parameters relating to EIS spectra, readbate3 V vs. Ag/AgCl, of 5 V Hf anodic

oxides, grown in ABE at different scan rates, ugqggivalent electric circuit of Figure 5c.



Growth

ReI Rox Qox
S(ﬁ\? ;2;6 @cmd) (Qcmd) (SScm?) "
2 8 1.99x16 1.83x10F 0.977
5 8 413x16 1.90x10F 0.978
20 8 1.75x 15 1.90x1F 0.976
50 8 259x10 1.98x1F 0.970
100 8 6.63x10 1.92x10F 0.981
200 8 1.35x10 2.22x1F 0.980
500 8 6.63x10 2.14x1F 0.975

1000 8 1.28 x 10 2.38x1F 0.968
Table 3b. Fitting parameters relating to EIS spectra, readrde-1 V vs. Ag/AgCI, of 5 V Hf

anodic oxides, grown in ABE at different scan ratesng equivalent electric circuit of Figure 5c.

AHOdIZIng dox,Cap dox’Sim
electrolyte (nm) (nm)
0.1 M NaOH 12.5 12.6
0.1 M ABE 12.9 12.4

Table 4.0Oxide thicknesses calculated according eqs 5 and 7.
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Figure 1. Current density vs. electrode potential curvestirato Hf anodic film grown

potentiodynamically in a) 0.1 M ABE and b) 0.1 MOI4.
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Figure 4. a) Cathodic photocurrent spectra relating to thidesxgrown on Hf in ABE and NaOH
recorded at - 1 V vs. Ag/AgCI as electrode potenitinl ong wavelength region of the photocurrent
spectra, recorded by using a UV filter. Fowler plotlating to the oxides grown in ¢) ABE and d)

NaOH.



1.00E+06

1.00E+05 } % a)
1.00E+04 | s
1.00E+03 | o

1.00E+02 | o,

Magnitude (Q cm?)

1.00E+01 | ®00004

1.00E+00 . :
0.1 10 1000 100000
Frequency (Hz)

100

90 0088800000000, b)
80 [ .°00 %
70 |
60 o
50 &
40 | o NaOH
30 8
20 | ®
10 |
0 . .
0.1 10 1000 100000
Frequency (Hz)

QOX
Ry c)

Phase (°)

ROI
Figure 5. EIS spectra relating to Hf anodic films grown in BBind NaOH electrolytes, recorded
by polarizing the electrode at 3 V vs. Ag/AgCl ir2® M NaHPQ,. a) Magnitude, b) phase angle,

c) electrical equivalent circuit employed to mothed metal/oxide/electrolyte interfaces.



1.00E+06

1.00E+05 %, a)
o 1.00E+04 %
g %
Py <o
< 1.00E+03 o,
2 o
§ 1.00E+02 [~ ABE %,
<
> o NaOH % o
1.00E+01 %0004
1.00E+00 - -
0.1 10 1000 100000
Frequency (Hz)
100
20 r 80000000000
,038889 °o° b)
80 [0 [
70 | ¢
8
s 60 |
z o ABE 8
@ 50
S 40 | o NaOH 8
30 + 8
| 8
20 o)
10 +
0 1 L
0.1 10 1000 100000

Frequency (Hz)
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Figure 9. Experimental (symbols) and simulated (accordinge¢p6, continuous lines) current
density vs. electrode potential curves relatingit@nodic films growth in a) 0.1 M ABE and in b)

0.1 M NaOH. Growth scan rate: 20 mV.s
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