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Abstract

Delafossite CuFe®films have been synthesized by reactive magnetron sputtatidgferent
substrateaemperatureérom 380 up to 550 jCThe films adopt therhombdedral structurdrom

380 to 5B jC. At the highest temperaturethe delafossite phase partially dissociateB@C Cu

and FeOs magnetitephasesin addition tothe average crystallite size increagechangeof the
preferential orientatiorin the outof-plane directionfrom the[012 to [006 directiors occurs
between 460 and 510 jGlodelling of the tical propertiesshows the presence of 2 interband
transitions in the visible rang@he 15 main transition at 1.5 eV is ascribed to the absorption
component parallel to the-axis whereas the"2transition (2.10+2.26 eV) is related to the
absorption component in the (a, b) plaBeth evolutionswith temperatur®f therefractive index

(~ 2.5)and absorption coefficiertt 10° cm?) in the infrared suggest the formation of secondary
phaseshaving lower oxidation stat@’he electronic conductivitydominated by positive charge
carrier, varied fron®.0140 S m' according to the preferential orientatiand to the presence of
secondary phaseA& very small amount of a sherainge ferromagnetic componéniagnetization

~ 10 kA m* at 1.5 T)isclearlyobserved at room temperatihanks to magnetomegtconfirming

the formation of secondary phasewletected by-ray diffraction In addition to depend on the
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film orientation, the presence of secondary phases in weak proportion alters the optical and

electrical behaviours such as the transmittance imiglilgle range.
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1. Introduction

The iron is an element of naregligible quantity in the earth crust (representing about 5% in
volume which put it after Si and Al) with advantage of @syerecyclability due to its ferromagnetic
property. As a result, irchased materialare still the subject of interest and research despite the
fact that they are already widely usédnong them, delafossit*Fe**O, mineral grouphas a
layered structure composbyl sheets of linearly coordinated ¥ations stacked betweedristorted
FeQ octahedronsesulting in F€O2)” layer[1]. This distinctive characteristis responsible of the
relatively superiom-plane electrical conductivityompared tehat along the ¢ axi]. According

to the sequence of stacking layerso tpolytypes (rhombmedral or hexagonaBxist andexhibit
high cell anisotropy the ¢ parameter being around 6 or 4 times longer than a parameter
respectively) It was demonstrated that the top of the valemzkthe bottom of the conduction
band aremainly constituted by G3d states and by F&d statesrespectivelywhile the Q2p states

are hybridized with both stat¢3][4]. This compoundexhibits a multiband spectral absorption
which would be advantages in solar applicationg-urthermoredelafossite CuFefScompound
exhibits semiconductindpehaviouf5] with p- or ntype according to the nature of the dopdmt

[2], and itcan also be considered as a Mott insulgdprin addition to its electricairansport in
new regimesthis compounds antiferromagnetiwith two reported NZel temperatuia<0.5 and

14 K, which stems from th&iangular lattices of F& layers separated by nonmagnetic-Cand

O?% layers[3][4]. This formation is one of the reasons of antiferromagnetiering in the structure
[6][7][8] and multiferroic propertiefd]. Theoretical investigations on CuM®©@ompoundgwith

M = 1lIA, 3d, 4d, 5d, and rare earth elements)ve highlighted tre functionsof the different
substructures in themechanisms oflight ab®rption charges separation and transport

demonstrating thaCuFeQ is suitable for solar applications such as photovolta@j. Some
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auttors have also studied its thermoelectrig9][11][12] and its photoatalytic properties
[4][13][14].

However the synthesis ahe singlephase delafossiteithout impurityis nontrivial becausehe

Cu valency must be maintadat its lowest value (+1) whilavoiding the formation ahe stable
spinel CuFgOs or other binary compound®ifferent processes have been used to produce
delafossiteCuFeQ-basedhin films, e.g.pulsed laser depositidid][15], spay pyrolysis[16][17],
solgel[18][19] or radio-frequency sputtering20][21][22][23][24]. It can be noted that an elevated
substrate temperature or additional annealing isteyutral atmosphere am primary vacuum is
often required to obtain a crystalline structureaning thaits synthesisvithout impurity phase

is possibleonly for a limited range of oxygen partial pressardo overcome the drawbacks
intrinsic to the radiefrequencysputtering (lower deposition rate, higher sputtering pressure,
tendency to crack the compaltarget, efficient cooling systemse ofimpedancenatchng box,
drift of the chemical composition of the synthesized film due to sputtering yield diff¢rénice
proposed talirectly synthesizehe delafossitecompound fronCu and Femetallic target using
reactive magnetron sputterirogn hot substrates. So far, th@e of substrate temperature on the
structura) optical, electrical and magnetmcoperties of delafossiteuFeQ thin films synthesized

by reactiveanagnetron sputterinigave not beeaxgored yet The changesduced by the increase
of the deposition temperature tive structural propertieggarding the involved phases and their
preferential orientation in the cof-plane directions first dicussedIn addition todepend orthe
film orientation,the optical and electrical behavioursuggesthe presence of secondary phases
with decreasing oxidation stateith the increase of the deposition temperatidesides, he
magnetic measuremertsnfirmedthe presence of ferromagrephaseaelated to the increase of
reduction conditions with the deposition tempergtwhkich contributes to the observed optical

and electrical properties.

2. Material and methods

2.1 Delafossite CuFegXilms preparation

CuFeQ thin films, with a chemicaktoncentration Cu/Fe ratiof 1, were deposited by reactive
magnetron sputtering of Cu and Fe metallic targets Ar and Q gas mixture The sputtering
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systemconsists in &0 L stainkss steel vessel (Alcatel SCN equipped with2 watercooled

and balanced magnetrotargets ( 50 mm thickness 3 min Prior the deposition step, lrase
pressurdower than 10* Pa was obtained with a turbomolecular pump Uftie ron and copper
targes weresupplied with a pulsed Advanced Energy PinnaplewergeneratofJre= 188214A

m?) anda DC Advanced Energy MDX 500 power generdfios = 14 Am2), respectivelyleading

to Fe/Cu atomic ratio of. The sputtering of ferromagnetic elemégtconventional magnetras

low andpoorly reproducible It requiresa special geometrgf the magnetroto ignite and sustain

the discharge with an efficient iron sputterifp], and to increase the reproducibility afe
deposition conditios In addition, the Fe target thickness has been reduced to 1 mm so as to obtain
a magnetic field above the targets sufficient to ignite and maintain the dischaeyal Q gases

flow rates werecontrolled with Brooks flowmeterswith Dar = 100 sccmand Do, = 10 sccm
respectivelylt is noteworthy that the £flow rate is enough to maintathe sputteringrrocessn

the compound mod®&IKS Baratron gaugevas used to measutige total pressurPiot = 2.2 Pa)
Fused silica glass slides were used as subs{ies26 x 11 mnr), and werdocatedon a heahg
androtating substratbolderparallel to the surface targat about 60 mmThe substrateholder

was referenced to ground andridgation speed wésced at 60 rpmThe substrate temperature was
varied from 380 to 55¢C with a graphite electrical resistance heater placed behind the substrate

holderwhile keeping constant other deposition parameters.
2.2 CuFeQ films characteration

Thefilm thickness(fixed at 440 + 16 nmyvasdeterminedrom the crossection observatioof
the filmsvia a Field Emission Scanning Electron Microscope-&HV JEOL JSM-7800F)and
by using spectrophotometrifhe structural featuresf dhe films were investigad byusing a

BrukerD8 focus diffractometer (Cl§ radiation) equipped with the LynxEye linear deteator

a142
aBragg Brentano configuratigi®.02; step) Thetotal opticaltransmittance and reflectance of the
films were measured with &himadzu UV3600 spectrgphotometerequipped with ISR3100
integrating spherén the range 20 2600 nm. Standard white board Ba@as used for the
baseline Optical simuldions of the transmittance and reflectance seatererealized with the
SCOUT softwareto determinesome optical properties such as refractive index, absorption
coefficient[26]. Theelectricalconductvity of the films was determined from the sheet resistance

measured using conventional fquobe metho@Jandel systemA detailed study of the electrical
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properties was carried out by measurimgaharge carrieconcentration and mobilityy Hall effect

in the temperaire range 3@00 {C by means ad homemade system based on the gerPauw
methodwith a magnetic field of 0.8 T perpendicularly applied to the sample suMagmetometry
measurements static mode (point by poinlé kAm™) were performeavith avibrating sample
magnetometemicrosensemodelEZ7) at room temperature widhmagnetic field (up tec 1.5T)

appliedto the plane of the filmsChe dianagnetic catributionof the substrate holderasremoved

from the measured magnetizatidine Seebeckoefficient was measured at room temperature by
means of a homemade system. For hot and cold sources, copper material was used as
superconductor and the temperature of hot source was maintained constant at set point value by
hot water circulation inside ofiot source(25 iC). The realtime value of temperature was
determinedwith CHY 505 RTD thermometer (Centenary Materials Co. Ltd., & City,

Taiwan) and the difference of potential between hot and cold side of the sample was performed
using a frame @bber of National Instrument USB)65 (Electronic Test Equipment, Cary, NC,

USA). The relative Seebeck coefficien{uV K1) was calculated by using the following formula:
—_vg "7 (1)

:KHUH "9 LV WKH SRWHQWLDO GLIIHUHQFH —9 DQG "7 LV WK
and cold side of the samples, respectively. In order to find the absolute values of Seebeck
coefficient, the absolute Seebeck value for Cu (2 U¥[R7]) was subtracted from each measured

value. The Seebeck coefficient of each sample was measured 4 times and the errors in the

measurement were evaluated tobgnin 5 %.

3. Results and discussion

3.1 Structural properties

X-ray diffractograns of thin films deposited at different substrate temperatures are shokig.in
1. From 380upto 510 {C, the crystallisation of thdelafossitestructure in therigonal R3m space
group without the presence adecondary phasis observedAt 550 jC, deposition conditions
(substrate temperatuamdO- partial pressure) beconsefficiently reductive tdead to thepartial

dissociation of the delafossite structuresemimetallicmagnetite Fg€4 and metallic Cu pases



The use of grazing incidencé-ray diffraction (GIXD) does not underline theccurrenceof a
specific phasgFeOs or Cu) at the sample surfacéut rather evealsa fairly homogeneous
distribuion of the different phaseisroughthe film thicknesgnot shown)If the G, partial pressure
is high enoughto form CuFeQ compoundat low deposition temperatyrie can beassuned that
for aconstant @partial pressurghe deposition temperature elevatiwould lead to the reduction
of the oxygencontentin thegrowing film (stronger oxygerthermaldesorptionat more elevated
temperature and incapacity to adsorb oxygen duhiagoolingin vacuun).

Below 510iC, the delafossite structure exhgia preferential orientation towardse [012]
direction, whilehigher temperatusdead toa preferentiagrowth along the[00I] axis Considering
spherical crystallite independenton crystallographicdirections their averagesize has been
estimated XVLQJ WKH 6FKHUUHUfV IRUPXOD IUnruf (FWKIM) bX O O
deconvolution othe 3 most intense peaksrresponding to the (006), (101) and (012) plgoes

Fig. 2). The instrumental contribution on the line broadengn@ssumed to be negligible compared
to thatinduced by the sizef crystallites. Theaveragecrystallite size istableup t0440iC, and
after deposition at's > 460 jC, while (006) diffraction line was detected, the average crystallite
stronglyincreases for all crystallographic directions. At $560the crystallite size calculatedbm

the (006) diffraction line is still growingontrary to those measured from otkd@ections This
result isconsisent with the observed change in the preferential growth with the deposition
temperatureThe dislocation density can be approached, for low amount, consideasghe
inverseof the square of crystallite sif28]. A decreasef the dislocation density when increasing
the temperature during the film growth is tlassumedBesidesit can be observed thiéite change

in the preferential orientation from [012] to [006] occurs in rather reductive condamtise
deposition temerature increaselt is worth noting thaprevious observatiaalso reportech
preferential orientation along the-agis direction inrather reductive conditiog e.g. by
implementinga crystallizationposttreatmenbf sokgel films at high temperaturé> 600850 ;C)

and at Q partial pressure of about 3802 atm[19]. Other authors observeddtiring the post
treatment of radiofrequency sputtei@dFeQ films in a primary vaaum at 450 jC asonfirmed

by theadditionalcrystallization of metal Cu and spinelsBa phase$29].

3.2 Optical properties
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Transmittance and reflectance spectra are displaydeigin3. Transmittance spectra exhibit
interference fringes in theear nfrared region witha steep fall of the transmittanaearound 860
nmcorresponding to optical absorption by interband electronic transitiansoteworthy thatite
region of theransmitaince fallis more abrupt compared poevious studiefl6][18][21]. Indeed,
some authors observed a progressive decay of the transmittance theouigibta rang¢19][23].

In our case, thé&ransmittance drops from 60 $0% throughonly 150 nm, whereathe samédoss
was reportedhrough 550 nnp19][23][30]. This corresponds to poortransparency afielafossite
films (only abouta few percentand up to 30 % transmittance loss at 420)nithe average
transmittancein the visible rangeprogressively decreases when increasing the deposition
temperature to become fully opaque at $50due tothe crystallization of magnetite and copper
phasegTable ) [31]. Optical propertescannot baleterminedvith our used methodsue tothar

strong absorbanand reflectancen the studied wavelength.

The absorptiorcoefficient spectum o)) was determined from transi@hce and reflectance
spectrausing hreedifferent methodsFor the first one, lte simplified absorption coefficient was

calculated from the equatidrelow:

aM)=11n ((fzg’))! ! )

Where t is the thicknes® cm, R(L) and T{) are the reflectance and transmittanggectra
respectivelyThe second method imes the simulaion of transmittance and reflectance cp&

by implementing dispersion models, Q WKH ILUVW RQH GHVLJQHG KHUHDIWH
index n and thextincion coefficient k werealculaed by usingthewell-knownempirical Cauchy

model It should be speaid that his model issuitablefor low absorptiordomain(i.e., A > 1000

nm in our case)

n(A\)=A+ AEZ + A% 3
K(A)=D+ =+ 4)

where A, B, C, D, E, and F are constamismore sophisticatedispersionmodel taking into
account the strong optical absorption locatemrgdt 750 nmwas also used~{(g. 3). The optical

absorptionvas themmodelled withthe so-called 2 § / H EJdhnsorALim (OJL) modelvaluablefor
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interbandkelectronidransitionsassuming that tail states exponentially decaytimdand gafB82].
Considering the mukband response of the CuFe@aterial it is admitied that3 mains electronic
transitions atl.15, 203 and 335 eVstrongly influence the optical propertigy. However, aly

two OJL transitions weraecessaryo achieve a satisfactorfjt of transmitance ad reflectance
spectran agreement witla previousstudy[33], andalsowith the abrupt fall of the éamsmittance

In the infrared range where the absorption of light is related to the free charges, a simple Drude
model wasalso introduced to contributeto the dielectricdispersion No roughness surface or
interface was used in this modé&he deviation (mean square difference between simulated and
measured data) was less thart fd) the transmittance part and less tharl6* for the reflectance
part. The higher deviation for the reflectance part is ascribed to thesB&S@Qrption bands from

the integration sphere which alter the reflectance spectin@nearinfrared rangeThis dispersion
model iSQDPHG 32-/Te&tq thiy Btirdly.

Fig. 4 shows the spectral damency of the absorption coefficieftar fromthe absorptioredge
the three methods lead fmirly similar results namely arincrea® of the deposition temperature
graduallydegrads the nearinfrared absorption This could berelated to the absorption of free
charge carrierin whichthe promotion of already excited charge carrier to an unocaigtdinside
the same ban¢intraband absorptiondccurs Consideringthe Drude modeWhich repors the
charge carrietransportproperties due to intraband transitisna metallic solig the absorption
coefficientrelated to the imagery part of the dietec constants then proportional to the charge

carrier concentratiof84]:

0312
slzsopt (1' ﬁ (5)
2
EoptWpT
2= w(1+w212) (6)
Ne2
Wp=V (7)
Ne?

o or=— 8
free charge carrier MEQNCTw2 ( )

with g1, &2 arethe real and imaginary parts of the dielectric function, respectigiyhedielectric

constant far from absorption ed@e n? in the transparent regiond the pulsation(s?), wp the
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plasma pulsation {9, t lifetime of charge carriefs), N thequantityof the chargearrier(m), e
the elenentarycharge, m the effective madgy), andeo the vacuumpermettivity A decrease of
the infrared absorptionwould therefore be linked to that dhe charge carrier concentration.
Besidesthe presence of secondary phase absorbing infranedncreasing proportion with the
deposition temperature would also explained the decay of the absortion coeffict@atramge.
For wavelengths lower tha®00 nmthe Cauchy modelis no more validThe graphical method
for the determination of thebsorption coefficiendtill remains relatively consistent in the medium
absorption rangeX < 800 nm),while a slight discrepenciy the absorption coefficient can be
observed in the strong abption range § < 540 nm)due tothe addition ofa 2"? OJL transition

In this rangethe absorption coefficiemcreases up th0° cm! for the films deposited at 380 and
440 iC andoecomesvenlargerfor higher deposited temperatar@&he strong opticahbsorption
atA <800 nm is consistent with previous artipl¢, in which the authors observed similarly strong
absorptionwhile it started at 1000 nnit wasascribed to the direttansition Qp; — Fe-dxz, -dz2

at 1.55 eMO-2p — Fe-3d) with thepossiblecontribution ofthe indirect transition @y, -py »> Fe-
Oxy, -Oxz, -Oyz, -Ox2-y2, -0z2 at 1.54 eV

Spectral dependancies of thefractive indexdeterminedby 3 &uchy” and OJL" models are
presented irFig. 5. Far from the absption edge, theefractiveindex lies between 2.4 and 2.6,
with an order of magnitudeonsistentvith the extracted values from ellipsometric spectroscopy
[30]. Refractive index follow the same trenavith the deposition temperaturg to 1000 nm,
wavelegWK IRU ZKLFK Wddli$ &Dmxoredalid. The measured refractive indéx
infrared ranges affected by the presenoéotherphasesAs afirst appoximation,the measured
refractive indexis proportionnal to the volume of thelative phases. Based on our previous
assumption, on which oxygecontentwould be affectad by the temperature deposition, a
progressive decrease of the refractive indeauld then be expected with th#eposition
tempeatureelevationln previousstudydealing wth the annealing conditions sputteredCuFeQ
films [35], it was observed #t aslight enhanament of the reductive conditionancrease of
annealing temperature primary vacuum) leagto theformation of CyO and FeO3 phases from
rhombdiedral delafossitephase while with evenmore reductive conditions (same temperature
range combined witeecondary vacuungnly Cu and F¢O4 phases crystalliz&efractive indices

of CleO and FegOsz are2.6to 2.27 and 2.78 to 2.66 in thmfrared range (1000 to 2600 nm,



respectively)36], and the refractive indices of metallic Cu included from 0.46 to 1.09 and of the
spinel FeO4 are included from 2.13 to 2.85 at 1000 to 2600 nm, respect[@ély.The formation

of phase with relative high refractive inek such af=e0s henatite and Cu.O would explainthe
observedncrease of the refractive index at 480. jt is notewortly that he bandgap energy of
FeOs (~ 600 nm)is consistentvith the absorptiomange of the filmsand to the progressiviop

of transmittance in theisible [31]. At 510 jC, the crystallization of Cu and 4&& phases having
lower refractive indiceshan CuO and FeOs phasesvould be one reason tifie decrease of the
refractive index in infrared rang€or lower wavelength& 1000 nm)the 3 2 - / dispersion model
takinginto account the strong optical absorptethibitstwo maximain the refractive indewhich

are related tdhe two OJL interband electronic transitionkh agreementvith the absorption
spectra, a slight differencaf the refractive indexbehaviourcan be observed according to the
depositiontemperaturg which is suppposed to be related thee change in the preferential
orientation Indeed,a few studiesunderlinethe anisotropic behaviour of the optical properties in
delafossite compoundg87][38]. Furthermore,electronic structurecalculatons on delafossite
compound such as CuAl@ repored on the different optical behaviouraccording to the
cristallographic direction§39][40]. It was shown that both refractive index and dispersion are
smaller in the direction parallel to thegis than in its perpendicular direction. A similar behaviour,
based on the computed anisotropic absorption spectra in Guike@dalsobe responsible of the
slightdecreasef the refractive index at 510 C.

Optical gapenergy(Fig. 6(a)) was detemined usinghe graphical method in wtih the absorption
coefficient calculatedrom the equation?) was usedL Q 7 D X EfansE@irgWlirect interband
electronic transitionin agreement with ouaboveobservation®n the poor average transmittance
in the visible and of thenodelled dielectric function® simulate transmittance and reflectance
spectra, oly two linear regions were observed indicating the presence of two direct tran@ibbns
shown here)while 3 main transitionarecompuedin the visible rang§3][4]. A first transiton at
1.62 eV is independemin the deposition temperature, whereas thetransition decreases from
2.26 to 2.0 eV asthe depositiontemperaturancrease from 380 to 510 jC. Other referencs
experimentallyshowed by spectrometry and photoconductivipresence of both transitions
[4][33]. The2"%transition could be ascribed @py, -py — Cu-d;2 (O-2p — Cu-3d) and Opx, -py

— Fe-dyy, -Oxz, -0y, -Oxo.y2, -022 (O-2p — Fe-3d) at 1.92 ef4]. Furthermore, its noteworthy that

with the deposition temperature elevation, the amplitude ratios ofth@risition over the @
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transitionGHWHUPLQHG | U Rrerea3gx 3.PRIBMH;O to x 9.5 at 510 jChismears
that the ¥ transitionprevails over the™ onewhile both amplitudss increases with temperature.
The PF'transition atl.4- 1.62 eVinvolvestransition along the c directio®{2p, -> Fe3d. at 1.55
eV) [4]. The prevaling of the F' transitionis then consistenwith the observeadhange of the
preferential orientation along the [006] direction avated deposition temperatuMoreover Ong
et al.[3] demonstratedhat the optical bandgap energies at 1.8 and 2.1&reWell ascribed to
absorption componesit parallel and perpendicular to the-agis direction respectively
Accordingly, theslight differencen theobservedabsorption spectra below 500 mould then be
relaiedto the observed change in the preferential orientakimnvever it should be mentionned
that in highly oriented thin filmalong the ¢ axiscontaning small amount ofuprospinel phase
the transitionat 2.1 eV is still observedmeaning that many transition modase implied

simultaneously33].

In the crystalline solids, material disordestens fromlocal composition (doping, substitution),
structure (vacancy, dislocation, deviation from stoichiometry) or temperetiareginglattice
thermal vibrations)andmanifess throughthe presence of localized states near the band edges
forming absorption tailt energies belowg41]. Only structural disorderings presuming ttave

a significant effectn our casebecausef the constancy of thehemical compositiom sputtere

films and because measurements have been done at ambient tempéftiaiterthe origin of the

tail state remains uncleahdr distribution shows an exponential dependence with the energy
below the bandgaj32]. In the 3 2 - / interband electronitransition the parameterdescrilesthe

width of thetail states exponentially decaying into the band@&p. 6(b)). Besides the welt
known Urbach tai] expressinghe width of the exponential tail in thabsorptionspectrumfor

energiedbelowthebandgaphas beemlsocomputedusing the equation

hV-EO

=)@

a(hv)=agexp (

whereo is the absorption coefficie@m?), K WK H 3 O D Q RNHeVreflRGEY MtBe@ndident
electomagnetic wave (Hz)po and Eo are characteristic parameters related to the materials
correspondingo the convergence poimatf the Urbachbundle (extrapolation of linedn(a) vs.
energyfor different temperatusp [41][43]. Eu is the Urbachenergy (eV) anéxpressethe width

of the band associated to the disorder. Both methods result in theshera magnitudeand the
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same trend, namely a progressive decrease of the band width related to the disorder when increasing
the deposition temperatui@espite the relatsy large values for the film deposited at 380 C, the
vy and & parametersare casisent withvalues reported previously falelafossite CuFefXhin
films (~ 130 nm)[16], and alsofor sputteredcrystallizedoxides such asndopedNiO [42], or
undoped Zn@43]. It has to be specified that, in reasonhef F'transition lzated below the energy
of the 29 transition, the determination of the Urbach enecggnot beobtaired. Estimatedby
modelling, he 29transition displays very largey energy(~ 0.3-0.45 e\}. Therelaxation of the
intrinsic stresswhich developgluring the film growths probably responsible of the decrease of
the disorder with the elevation of the deposition temperadtiner than thermaénsilestress which
appearslue to the difference of thermal expansion coefficient between the subsBate(& ™2)

and the film (261 10° K™ [44]) during the cooling stefrhe growth of crystallite size combined

with the dislocation densityupportghis observation.

3.3Electronic transport properties

The temperaturedependenceof the electrical conductivity along with the charge carrier
concentratiorvs. mobility is depictedin Fig. 7(a) and (b) The film deposited at 510 @& too
resistive to be characterized by our Hall effect sefigpconfirm itspoor electrical conductivity,
the 4 probes method has basmplemented orthe samplesTable ). Both methods (4 probes
method or Hall effect) indicate that the electrical conductivity of the films deposited between 380
and 460 jChas the same order of magnituéecording toMayadas and Shatzkes mo{#b], the
electrical conductivity is driven by thehargesscatteringat thegrain boundaries. This effect
becomes morsignificant with the grain ge reduction in metallic environment (< 30 nm in Al)
[46]. The mean free path of charge carrier in Cufe€lculated from the charge carrier
concentration and mohtyi, being lesgshan 1 nm and about 350 times lower than that of a Cu
singlecrystal (~39 nm)[46] cannot ascertain thdependency of the electricanductivity on the
grain boundary for the films deposited at temperatures lower than 510 jC.

As expecting fom semiconductor, the electrical conductivity well incresgdth the temperature
due tothe increase of carrier concentration with the temperataxation Fig. 7(a)). The Seebeck

coefficient, representing the thermoelectric responsgcedi by a temperature difference, was also
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measuredTable ). TheSeebeck coefficient ielated to the charge carrier diffusion towards the
cold side dueto a temperaturegradient. Thenaccording to the sign convention, a positive
coefficient means thahe electrical conductivity is dominated by positive charge carriers. The
previously established hypothesis that oxygen deficiencies, which lead to the formation of donor
levels[5], would be created by increasing the substrate temperature is then not verified. Based on
CwO chemistry, it could be assumed that the defects responsible efyibelehaviar would be

rather related to copper vacancies, the delafdsaiteng weak tolerance for Cu ngtoichiometry

and/or interstitial oxygen defectwhile having higher activation energy and thus a lower
probability to occur1][47]. However, a study dealing with the cationic vacancy in CuGaO
revealed that the -type charge carrier is rather related drygen overstoichiometry [48].
Furthermorethe linearity of the plots Ir{) vs. TY* implies thata mechanism of hoppingccurs
[51[49].

Thetemperature dependencoéthe electrical conductivitis almost notmore perceptible at 550
iC due to the presence of metallic and semtallic phasesand alsoconfirmed by theweak
evolution of thecharge carrier concentration with the temperatiibe crystallization ohighly
electrical conductive phases sumhCu or semimetal E®4 havingan electrical conductivity of
about 3 10 and10* S m, resgctively [31][50], is responsiblef the observed increase in the
electrical conductivityLikewise, the formation in weak proportion of .88 and CyO phases
(CwO 102 S m?, FeOs 108 to 102 S m?) in agreement with the absorption coefficient and
refractive index observations in the infraneduld explain the rather low electrical conductivity
for film deposited at 460 C.

Previous article have reported that the electrical conductiwig the charge carrier mobility
exhibits a relatively strong anisotropy along or perpendic¢altire ¢ directionand that the charge
carrier mobility strongly depends on the nature of the majority chargerdd][5]. Indeed, Benko
et al.[2] demonstratedhat the mobility of charge carrier in-type QuFeQ (~ 10° m?v-is?) is
higher than ftype compounds (~ 18 m?v-1s?). Furthermore Shannoret al.[51] observed an
anisotropic electrical conductivity according to the crystallographic orientatlodsed, he
electrical conductivityratio o//c_|_or mobility ratio w/p | (// parallel to caxis), estimatedrom
Dordor et al[5] datg is around 2.1 18 for n-typewhereas it tends to 2.6 1 p-type compoungd

showing the promotion athe electrical coductivity along the (a,b) plane, iparallel to theCu*
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layers Theorder ofmagnitude of the charge carrier mobility in the Cuk-&lths deposited from
380 to 460 jCand their electrical conductivity of about few S ascertais the positive nature of
the majority charge carrieAccording to he above statementshe change in the preferential
orientation towards the [006] directitlecause of thstronganisotropic behaviour of the electrical
conductivityof thedelafossite strcturecould then bepartially responsible of the decrease of the
electrical conductivityfor films deposited at > 460 jC (Fig. 7(a)). In our case, e electrical
conductivity ratio osi0 j/oa40 ic is around 1§ which is lower than the expected electrical
conductivity ratio 6510 ;0640 ic § PHDQLQJ WKDW WKH HOHFWULFDO FR
[006] preferential orientation is lower than expected (~ 2 $0nit). Again, the presence of
secondary phases in a weak proportion, such #3glee CuwO phases would contribute to tlosv
electrical conductivity as observed by the 4 probe methods.

3.4Magnetic properties

Magnetization loops measured at room temperdiralelafossite films deposited at different
deposition temperature are displayed inFig. 8(a). The quastlinear dependencyof the
magnetizationon the applied magnetic field in addition with the absence of saturation
magnetizatiorsuggest that paramagnetidbehaviourdominaes as expected at this temperature
largely higher than the NZel transitisemperéures for the delafosite compound[52][53].
Assuming a pure paramagnetic behaviour, the meammesusceptibility(i.e. the ratio between
the variation of the magnetization and the applied magnetic fles) beerncalcubted for a
magnetic field greatahan 0.5 T(Table J. Upto 510 {C, theemeanvolume susceptibilies are
about 25 x 102, which isbetweer and 9 times highéhan the previously reported values at room
temperaturdor single crysta[54][55]. It is noteworthythat these values are anisotropic only in
the antiferromagneticstate[54]. The variatios in the mean volume susceptibilitgveallocal
fluctuation in the chemical compositiofe.g. Cu vacancy, O insertion, etif)the paramagnetic
CuFeQ phasd56].

In fact, eachmagnetization loop irFig. 8(a) exhibits alow coercive fieldand a low residual
magnetizatiorcombined with a changa the slopeof the magnetization at loappliedmagnetic
field. It is noteworthy that the magnetizatitoops are similar to that of canted antiferromagnetic
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materials[56]. However, this phenomenon probably not occur due to the large temperature
dff HUHQFH EHWZHHQ 1pHOYTV W H P S[EE3)Msnt@lsb © Mé&SpreseiRéofW HP S +
secondary phases as deduced from the optical and electrical stinBeshows thatiadditionto

the overall paramagnetic behaviour, a small fractioshoftrangeferromagnetigphase is present.

This phasecould be #ributed to the chemical ordering athe nanoscale or to ferromagnetic
clusters, as suggested by the crystallization of magnetiteediighest deposition temperature
Subtracting the paramagnetic component to theasured magnetization, the saturation
magnetizatiomelated to the ferromagnetic componleas been estimatauFig. 8(b). These alues

are rather stablat 10 kA m™ up to 460 jC Afterwards the saturation magnetizatimogressively
increases with the deposition temperature, confirming the increase of the ferromagnetic component
with the deposition temperae. The saturation magnetization is too high to correspormlite
hematite FgOs (Ms ~ 1-2 KA m™Y). The crystallisation of the cuprospinel CuBe seems
improbableconsideringthe rather reductive conditions with the deposition temperature increase
Assumingthe crystallization of magnetiteluster (or eventually ofy-FeQOs) which exhibits a
theoretical saturation magnetization of about @50)kA m? [59] could beresponsible for such
ferromagnetic behaviour, thelume fraction of thigerromagnetic phase would onhe 2 (3) %

for the films deposited below 460 jC(3) % for film deposited ab10 jC and up to 10 % for film

grown at 550 jdinally showing Xray detectable magnetite phase.

4. Conclusions

Delafossite CuFegfilms have been synthesized by reactive magnetron sputteringatecfused
silicasubstrateCuFeQ films crystallizein therhombdedral structure from 380 t®8 jC, with a
preferential orientation change from [012] to [0d@ctionbetween 460 and 510 j@.is shown

that the increasef depositiortemperaturenakesthedepositionrconditionsmore reductiveleading

to theformation ofsecondary phasesith decreasing oxidation statgetected from optical and
electrical studiesBeyond510 jC,the partial reduction of the delafossite in Cu and@zgphases
occurs. Byoptical modeling, two absorption peaksere assignedo the light absorptiom the
parallel and perpendicular directions to th@xes. The electrical conductivity dominated by
positive charge carrigexhibits a relatively strong dependency on the crystallographic orientation

In addition to the paramagtc behaviar, a shorrange ferromagnetic component is shown even
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at low deposition temperatu(880 jC) while its presencby X-ray diffraction isnat detecte. It

is suggested thatn increase of the deposition temperatira constant oxygen partipfessure
would progressivelydissociatethe delafossite phasin addition to change its preferential
orientation Thiswould occurby forming phaseswith decreasingxidation statecontributing to
the gotical and electrical behaviolny ther nature and the proportion.It is believed thathe
decreasef therelative poor transmittance in the visible ramgascribed to the presence of such

phasegrowing with temperature
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Figures caption
Fig.1 X-ray diffractograms o€CuFeQ films deposited at different temperatures

Fig.2 Evolution of the crystallite size with the depositidemperaturefor 3 different
crystallographic directiong/ [006], [101]and [012])

Fig. 3 Transmittance and reflectanspectra of delafossit€uFeQ films deposited at different
temperaturegsolid and distedlines respectively) Open circles and diamondsrrespond to the
simulated spectra with the model based on two OJL interband transitions combined with Drude

like dispersionrespectively

Fig. 4 Absorption coefficient spectradeterminedwith different methods (solid line: 2 OJL
interband transitions with Drueike dispersion model, dotted line: Cauchy model, dashed line:

from transmittance and reflectance spectra)

Fig.5 Refractiveindex vs. wavelengthof ddafossite thin films measuredsing two differert
models (solid line: 2 OJL interband transitions with DHikle dispersion model and dotted line:

Cauchy model)

Fig.6 (a) Optical bandgap energyvs. depaition temperature determinecsing two different

methods: (i) modding of the dielectric function (2 OJL interband transitions with Drii#e
model),and (ii) graphical method by using T&ufV SORW IRU G L UE/&WonoiyDQV LWL
broadening spreadf bandtails in OJL interband transition modehd of Urbach energ of the

transition at 1.62 eVs. deposition temperatufgrbach energy of the2transition (2.262.10 eV)

cannot beobtained in reasonf the presence of thé'transition at lower energies)

Fig. 7 (a) Evolution ofin(c) vs. TY*and () of charge carrier mobility vs. concentratitor the

CuFeQ films deposited at different temperatures.

Fig. 8 (a) M-H loopsand (b) evolution of theoercive fieldandof the magnetization at saturation
oncesubtracting the paramagnetic componiemtCuFeQ films deposited at various deposition

temperature
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Highlights (for review)

Highlights

Rhombohedral CuFe@ilms have been reactively sputtered from 380 to 550 ;C

At 510 iC, the [006] preferred orientation prevails on the [012] direction

Crystal anisotropy alters the optical and electrical properties of thin films

Partialdissociation of CuFefbccurs with the rise of deposition temperature
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Table caption

Table 1 Average transmittance in visible range, electrical conductivity measured at room
temperature using the 4 probes method, Seebeck coefficient and mean volume susceptibility
determined from IWH loops of the CuFegJilms sputtered at different temperatures
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