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Morphological,!structural,!optical,!and!electrical!study!of!nanostructured!
thin!"lms:!Charge!transport!mechanism!of!p-type!Co3O4!

Adeline!Miquelot a,!Myrto!Despotopoulou a,!Constantin!Vahlas a,!Christina!Villeneuve b,!
Nita!Dragoe c,!Nathalie!Prud’homme c,!Olivier!Debieu a,*!

a CIRIMAT,!Universit�e!de!Toulouse,!Toulouse,!France!
b LAPLACE,!Universit�e!de!Toulouse,!Toulouse,!France!
c ICMMO,!Universit�e!Paris!Sud,!Orsay,!France!!!

H I G H L I G H T S ! G R A P H I C A L !A B S T R A C T !

� Polynanocrystalline! Co3O4! "lms! were!
deposited! by! pulsed! injection! thermal!
MOCVD.!

� Co3O4!are!p-type!semiconductor!with!a!
maximum! holes! mobility! of! 0.16!cm2!!

V!1!!s!1.!
� P-type! semiconductor! behavior! was!
demonstrated! with! a! maximum! holes!
mobility!of!0.16!cm2!!V!1!!s!1.!

� 3-D!variable!range!hopping!conduction!
mechanism!of!holes!was!established.!

� The! results! bring! direct! proof! of! elec-
trical! conduction! path! through! the!
grains.!!

1. Introduction!

The!normal! cubic! spinel!Co3O4! (Co
2þCo3þ2 O2!4 )! is! the!most! stable!

crystalline!cobalt!oxide!and!is!a!promising!material!for!many!applica-
tions!due!to! its!high!abundance,! low!cost,!and!low!toxicity.!Co3O4! is!
successfully!used!as!magnetic!material![1],!as!supercapacitor![2,3],!as!
electrochromic!windows! [4],!as!well!as! corrosion!protective!coatings!
[5].!It!is!noteworthy!that!Co3O4!is!a!direct!p-type!semiconductor!and!is!
extensively! studied! in! photovoltaics! cells! [6],! in! gas! sensors! [7],! in!
anode!materials!in!lithium-ion!batteries![8]!and!in!photocatalysis![9].!
Low! band! gap,! large! surface! exchange! and! high! conductivity! are!
essential! properties! for! the! achievement! of! ef"cient! photocatalytic!

materials.!A!large!variety!of!physical!and!chemical!deposition!methods!
are! available! to! tailor! the! "lms! microstructures! and! their! inherent!
physical! and! electrochemical!properties.! In!particular,! various!Co3O4!
deposition!methods!have!been!reported!as!epitaxy![10,11],!magnetron!
sputtering! [12,13],! pulsed! laser! deposition! [6],! thermal! oxidative!
decomposition! method! [4],! chemical! spray! pyrolysis! [3,14],! sol–gel!
processes!like!dip!coating![15],!metal!organic!chemical!vapor!deposition!
(MOCVD)![16],!plasma!enhanced!MOCVD![9],!pulsed!liquid!injection!
MOCVD![5],!and!atomic!layer!deposition!(ALD)![17,18].!Moreover,!the!
electrical! properties! are! strongly! related! to! the! deposition! method.!
MOCVD! [16]! and!ALD! [18,19]!dense! thin!"lms! show! the! lowest! re-
sistivity! ranging! from! 0.5! to! 100!Ω cm,! while! sol-gel! [20],! chemical!
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precipitation![21],!and!spray!pyrolysis![3,22–24]!deposition!methods!
show! lower! conductive! "lms!with! resistivity! of! about! two! orders! of!
magnitude!higher.!The!main!hypothesis!to!explain!this!signi"cant!dif-
ference!is!the!morphology!and!the!grain!size.!The!conduction!paths!in!
the!highest!conductive!Co3O4!thin!"lms!is!discussed!as!grain!boundaries!
[18]!or!through!the!grains!by!variable!range!hopping!(VRH)!conduction!
of!holes!as!proposed!by!Cheng!et!al.![16].!However,!to!the!best!of!our!
knowledge,! the! latter! hypothesis! is! not! demonstrated! experimentally!
using!nano-scale!characterization.!In!this!context,!the!main!objective!of!
this!paper!is!to!investigate!the!in#uence!of!the!Co3O4!morphology!on!the!
electrical!properties!at!macro!and!nanoscale.!

In!the!following,!we!study!the!effect!of!two!substrate!temperatures!
(Ts)!of!400!�C!and!500!�C!on!the!morphology,!on!the!optical!and!the!
electrical!properties!of!~140-nm-thick!Co3O4!"lms!deposited!by!ther-
mally!activated!pulsed!liquid-gas!injection!MOCVD.!

2. Materials!and!methods!

2.1. Film!deposition!

Co3O4!thin!"lms!are!deposited!on!P!low-doped!(1–20!Ω cm)!and!As!
high-doped!(0.001–0.005!Ω cm)!300-μm-thick!Si!(100)!wafers,!as!well!as!
on!1-mm-thick!fused!silica!windows!(all!Neyco),!in!a!vertical,!cylindri-
cal,!and!stagnant!#ow!cold!wall!stainless!steel!MOCVD!reactor!described!
elsewhere![25].!The!precursor!is!99.9%!pure!tris(2,2,6,6-tetramethyl-3,!
5-heptanedionato)!cobalt!(III)!(Co(dmp)3,!Strem!Chemicals)![26].!It!is!
used!as!a!0.02!M!solution!in!anhydrous!toluene!(99.8%!Sigma–Aldrich)!
which!is!vaporized!by!pulsed!liquid-gas!injection!using!a!two-chamber!
injector! (Vapbox! 500,! Kemstream).! Operation! of! the! equipment! at!
5!Hz!and!2.3!m!s!opening!time!generates!a!vapor!#ow!of!0.4!g.!min-1,!
which!is!transported!to!the!deposition!chamber!with!200!sccm!N2.!An!
additional! gas! inlet! supplies! 200! sccm!O2.! Depositions! take! place! at!
10!Torr!at!400!and!500!�C!during!30!and!60!min,!respectively,!in!order!to!
obtain!"lms!with!constant!and!homogenous!thicknesses!of!~140!nm.!

2.2. Composition,!morphological,!crystal!and!optical!characterizations!

Films!compositions!are!investigated!by!electron!probe!microanalysis!
(EPMA)!using!a!Cameca!SXFive!instrument,!and!by!X-ray!photoelectron!
spectroscopy!(XPS)!using!a!ThermoScienti"c!K-alpha!apparatus.!X-ray!
dispersive! spectra! are! analyzed!by! Layer!Quant! add!on!of! PeakSight!
software.! Depth! analysis! of! the! composition! is! probed! by! XPS! after!
sequential! 2!keV! Arþ-etching.! Films! morphology! is! characterized! by!
scanning!electron!microscopy!(SEM)!using!a!"eld!emission!FE-SEM!Jeol!
JSM-6700!F!instrument!after!Pt-metallization!and!by!atomic!force!mi-
croscopy! (AFM)! using! a! Bruker! multimode! 8! microscope.! Samples!
deposited!on!Si!wafer!are!analyzed!by!re#ection!spectroscopic!ellips-
ometry!(SE)!with!an!incidence!angle!of!70� using!a!Semilab!SE-2000!
apparatus.! The! SE! data! are! analyzed! by! the! Semilab! SEA! software!
using!a!multi-layer!architecture!composed!of!a!mixture!of!Co3O4! and!
void!using!a!Bruggeman!effective!medium!approach.!With!this!optical!
model,!the!"t!regression!goodness!is!over!0.99.!SE!analysis!provides!"lm!
thickness,!effective!refractive!index,!and!porosity.!The!optical!absorp-
tion! spectra! of! thin! "lms! deposited! on! fused! silica! windows! are!
measured!by!transmission!and!re#ection!spectroscopy,!using!an!Agilent-!
Cary!5000!spectrophotometer!equipped!with!an!integrating!sphere.!The!
crystal!structure!is!investigated!by!X-ray!diffraction!(XRD)!in!a!Bruker-!
D8!diffractometer!equipped!with!a!Cu!Kα (λKαCu!¼ 0.154!nm)!anode!in!
theta-theta!mode!with!a!!3� offset!(angular!step!of!0.03�,!and!acquisi-
tion!time!of!4!s).!Mid-infrared!(MIR-FTIR)!and!far-infrared!(FIR-FTIR)!
Fourier!transformed!infrared!spectra!are!recorded!with!a!PerkinElmer!
Frontier,! and! a! Nicolet! iS50! Thermo-Fischer! Scienti"c! spectrometer,!
respectively,!with!4!and!128!accumulations,!respectively,!with!a!com-
mon! resolution! of! 4!cm!1.! The! transmission! spectra! of! thin! "lms!
deposited!on!Si!wafer!are!obtained!at!normal!and!60� incidence.!The!
spectra!are!subsequently!corrected! from!the!Si! substrate!contribution!

and!from!optical!interferences!fringes.!

2.3. Electrical!characterizations!

Macroscale!"lm!surface!charge!transport!is!probed!on!"lms!depos-
ited!on!insulating!fused!silica!windows!by!a!laboratory-made!system!in!a!
Janis!He-free!cryostat!CCS!200/204!coupled!with!a!Sumitomo!SHI-APD!
204!cryocooler.!The!temperature!is!controlled!to!within!�50!mK!by!a!
Lakeshore!335!controller!reading!a!Si-670!diode!thermometer!anchored!
on!the!cold!"nger!of!the!cryostat.!Measurements!are!performed!on!a!4-!
point!probe!van!der!Pauw!con"guration!formed!by!Pt!plots!covered!by!a!
thin!Ag!layer.!Measurements!are!made!under!vacuum!(<10!5!mbar)!by!
using! a! Labview! home-made! program!which! controls! several! equip-
ments!on!GPIB!and!PXI!interfaces.!The!current!is!supplied!by!a!Keithley!
6220! source! for! all! van! der! Pauw! con"gurations.! The! voltage! is!
measured! by! a! Keithley! 2182! nanovoltmeter.! Several! measurements!
(typically!8)!are!done!for!each!temperature!and!the!measurement!error!
is!thus!estimated.!Since!low!carrier!mobility!samples!cannot!be!reliably!
measured! by! standard! DC! "elds! [27],! room! temperature! Hall! effect!
measurements!are!performed!in!AC-"eld!mode!using!a!1-T!permanent!
magnet! in!a!Halbach!con"guration![28].!Measurements!are!made!by!
applying!current!with!a!Keithley!6221!source!and!by!measuring!the!AC!
signal!with!a!Zurich!Instrument!MFLI!lock!in!ampli"er.!The!nanoscale!
charge!transport!is!locally!probed!by!the!atomic!force!microscope!(see!
section!2.1)!in!conductive!mode!(C-AFM)!using!a!PtSi!tip!in!contact!(tip!
radius!of!28!nm).!A!contact!force!of!100!nN!and!a!sensor!sensitivity!of!
100!nA/V!are!used.!The!C-AFM!tip!collects!the!current!while!a!positive!
bias!ranging!from!1!to!5!V!is!applied!on!the!high-doped!Si!substrate.!

3. Results!and!discussion!

3.1. Film!composition!

The!"lms!composition!is!investigated!by!EPMA.!The!analysis!of!the!X-!
ray!dispersive!spectra!are!done!considering!a!140-nm-thick!2-layers!"lm!
architecture!consisting!of!a!thin!carbon!layer!on!the!surface!of!the!cobalt!
oxide!layer.!We!found!that!the!surface!carbon!layers!thicknesses!are!of!
2.4! and! 1.2!nm,! and! that! the! cobalt! oxide! layers! are! composed! of!
42.3!� 1.2!and!43.1!� 1.2!at.%!of!Co,! for! the!400!�C!and!500!�C!"lm,!
respectively.! Co/O! ratios! are! close! to! the! Co3O4! stoichiometry!
(0.73!� 0.03! and!0.76!� 0.03! for! the! 400!�C! and!500!�C!"lm,! respec-
tively).! Nevertheless,! lower! densities! of! 4.5! and! 4.6!g!cm!3! for! the!
400!�C!and!500!�C!"lm,!respectively,!should!be!used!to!accurately!"t!the!
spectra!rather!than!the!bulk!density!of!Co3O4!(6.11!g!cm

!3).!The!lower!
densities!are!explained!by!the!presence!of!voids!created!during!the!"lm!
growth!that!are!visible!in!the!FE-SEM!images!(see!Fig.!2)!and!con"rmed!
by!SE!analysis!(see!section!3.2).!The!evolution!of!x-ray!photoelectron!
spectra!(not!shown!here)!as!a!function!of!the!Arþ-etching!duration,!used!
to!probe! the! composition! as! a! function!of! the!depth,! shows! that! the!
carbon-contamination!is!predominantly!located!at!the!surface!which!is!
in!full!agreement!with!the!EPMA!analysis.!The!carbon!content!may!be!
generated!during!the!deposition!and/or!during!exposition!to!air.!We!also!
observed!that!the!Arþ-etching!considerably!reduces!the!O-content.!Then,!
the! effects! of! the! Arþ-etching! on! the! nature! (composition,! crystal!
structure,!and!morphology)!of!the!oxides!prevent!any!depth!analysis!of!
the!Co3O4!"lms.!

3.2. Structural!and!morphological!characterizations!

Fig.!1!shows!the!XRD!pattern!of!the!"lms!deposited!on!Si!wafer.!The!
XRD! peaks! can! all! be! unambiguously! attributed! to! the! spinel! Co3O4!
crystallographic! structure.! One! can! notice! that! the! 400�C-X-ray! dif-
fractogram!is!signi"cantly!closer!to!the!reference!powder!pattern!than!
the!500�C-one.!This!comparison!suggests!that!the!nanocrystallites!of!the!
400�C-"lm! are! more! randomly! oriented! than! in! the! more! textured!
500!�C-one.!



Fig.!2!shows!the!FE-SEM!images!of!the!~140-nm-thick!Co3O4!"lms!
deposited!at!400!�C!and!500!�C!on!Si!wafer.!The!500!�C!"lm!(see!Fig.!2b,!
d)! is! composed! of! compact! parallelepiped! structures! of! lateral! sizes!
ranging! from! 150! to! 300!nm.! This! morphology! results! in! a! surface!
roughness!of!about!50!nm.! In!contrast,! the!400�C-"lm!(see!Fig.!2a,c)!
shows!signi"cantly!smaller!nanostructures!and!can!be!considered!as!a!3-!
layer!architecture.!It!is!composed!of!a!"rst!layer!of!compact!~40-nm!
high! grains! at! the! Si! wafer! surface,! of! a! second! layer! composed! of!
columnar!structures!forming!an!upper!rough!40-nm-thick!third!layer!at!
the!surface.!Fig.!3a!shows!the!measured!Co3O4!SE!angles!of!the!thin!"lms!
deposited! on! Si!wafer! at! 500!�C,! as!well! as! the! simulated! SE! angles!
following!the!multi-layers!architectures!(Fig.!3b)!which!are!established!
according!to!the!SEM!observations!(i.e.!3!layers!for!the!400�C-"lm!and!2!
layers!for!the!500�C-"lm).!The!total!thicknesses!are!of!145!and!130!nm!
for! the!"lms!deposited!at!400!�C!and!500!�C,!respectively.!The!archi-
tecture!of!the!500�C-"lm!consists!of!a!dense!(2.8%!vol.!Fraction!of!void)!
Co3O4!layer!and!of!a!30-nm!highly!porous!roughness!layer,!which!is!in!
agreement!with!the!FE-SEM!observations,!while!the!porosity!of!the!3-!
layers! architecture! of! the! 400�C-"lm! signi"cantly! increases! from! the!
Si!substrate!to!the!surface.!This!may!re#ect!the!depth!evolution!from!the!
substrate!to!the!surface!of!the!porosity!generated!by!the!nanostructures.!

Subsequently,! this! evolution! results! in! an! increase! of! the! effective!
refractive!index!from!the!surface!to!the!substrate!(see!Fig.!3b)!which!
appears!to!be!less!abrupt!in!the!400!�C-"lm!than!in!the!500!�C!sample.!

3.3. Optical!properties!

Fig.!4!a!shows!the!UV–vis–NIR!total!re#ectance!spectra.!One!can!see!
that!the!total!re#ection!spectra!of!the!400�C-"lm!is!signi"cantly!lower!
than!the!500�C-one.!This!can!be!explained!by!the!less!abrupt!graded!
refractive!index!architecture!of!the!400�C-"lm!as!revealed!by!SE!analysis!
(see!Fig.!3b).!The!re#ection!is!mainly!specular!in!the!vis-NIR!spectral!
domain.!Nevertheless,!in!the!UV!region,!it!is!worth!noting!that!only!the!
500!�C! "lm! shows! an! increase! of! the! diffuse! re#ected! light! with!
decreasing!the!wavelength.!This!can!be!explain!by!Mie!scattering!of!light!
from!nanostructures!sizes!larger!than!~200!nm!which!are!only!observed!
in!FE-SEM!in!the!500�C-"lm.!Fig.!4b!shows!the!absorption!coef"cient,!α,!
calculated! from! the! transmission,! T,! following! the! expression! α ¼ -!
log10(T)/t,!where! t! is! the!"lm!thickness.!The!spectra!show!six!optical!

Fig.!1. XRD!of!Co3O4!thin!"lms!deposited!on!Si!wafer!at!500!�C!and!400!�C.!The!
JCPD!pattern!of!Co3O4!powder!(01-071-2120)!is!shown!for!comparison.!

Fig.! 2. a),! b)! 25�-tilted! and! c),! d)! top! view! FE-SEM! images! of! Co3O4! "lms!
deposited!on!Si!wafer!at!400!�C!and!500!�C,!respectively.!

Fig.! 3. a)! SE! angles! of! Co3O4! thin! "lms! deposited! on! Si! wafer! at! 500!�C!
compared!with!a!model!following!b)!the!multilayer!architectures!at!Ts!¼ 400!�C!
and!500!�C.!The!volume!fraction!of!void!and!the!effective!refractive!index!at!
633!nm!of!the!layers!are!reported.!

Fig.! 4. a)! Transmission,! total! and! diffuse! re#ection! spectra! of! thin! "lms!
deposited!on!fused!silica!windows!at!400!�C!and!500!�C.!b)!Absorption!coef"-
cient!α of!the!two!"lms.!Direct!Tauc!plot!of!the!c)!(1)!and!d)!(3,!4)!transitions.!



transitions! with! labeled! arrows! in! agreement! with! several! literature!
results! that! identify! optical! transitions! by! comparison! of! the! experi-
mental!spectra!with!calculations![10–12].!The!direct!transition!(1)!at!
0.71!eV!is!sometimes!considered!as!the!Co3O4!bandgap!originating!from!
a!direct!forbidden!3d–d!transition!between!tetrahedral-site!Co2þ cations!
[11].!Nevertheless,!it!has!also!been!described!as!ligand!"eld!excitation!in!
the!Co3O4! structure![12]!or!due!to! the!presence!of!polaron!or!defect!
states![29].!The!0.9!eV-band!(2)!is!assigned!to!a!metal-to-metal!charge!
transfer!reaction!between!Co2þ → Co3þ cations![11,12]!and!is!discussed!
as!representing!an!internal!oxidation–reduction!process![21].!The!(3)!
transition! at! 1.51!eV! is! direct! and! is! sometimes! considered! as! the!
intrinsic! Co3O4! bandgap! [12,29].! It! corresponds! to! a! Co

3þ → Co2þ

transition.!The!direct!(4)!transition!at!2.02!and!2.07!eV!of!the!400�C-!and!
of!the!500�C-"lm!respectively,!is!sometimes!considered!as!the!effective!
band!by!several!authors![16,30]!who!consider!the!(3)!energy!level!to!an!
acceptor!energy!level!over!the!edge!of!the!valence!band.!The!(4),!(5),!and!
(6)! absorption! bands! corresponds! to! ligand-to-metal-charge-transfer!
pathways:! O! → Co2þ,! O! → Co3þ,! and! O2! → Co2þ energy! levels!
transitions,!respectively.!We!estimate!the!(1),!(3),!and!(4)!optical!ab-
sorption!thresholds!by!the!interception!lines!on!the!x!axes!of!the!Tauc!
plots!for!direct!semiconductors!shown!in!Fig.!4c!and!d.!The!values!are!
very!close!to!the!ones!reported!in!the!literature![11,12]!and!are!partic-
ularly!in!good!accordance!with!the!results!of!Kormondy!et!al.![10].!This!
good!agreement!entirely!justi"es!the!use!of!the!Co3O4!dielectric!function!
published!by!the!latter!authors!for!the!SE!simulations.!

Fig.! 5a! shows! the!normalized!FIR-FTIR! spectra!of! the!Co3O4! thin!
"lms!deposited!on!Si!wafer.!The!spectra!are!recorded!with!an!oblique!
incidence! of! 60� that! makes! longitudinal! phonons! modes! active! in!
addition!to!transverse!ones.!We!observed!four!transverse!optical!modes!
TO1-4!and!two!longitudinal!modes!LO3,4!associated!to!the!TO3,4!modes.!
The!labels!of!the!TO1,2,!TO3,4,!and!LO3,4!bands!are!reported!in!Fig.!5a,b,!
and!c,!respectively,!as!well!as!their!positions!which!are!very!close!to!
literature!results!for!Co3O4![13,14].!As!Fig.!5a!shows,!the!signal!to!noise!
ratio!with!the!FIR-FTIR!apparatus!is!rather!low!in!the!low!frequencies!
domain! of! the! TO1,2! bands,! therefore! in! the! following!we! focus! the!
analysis!on!the!other!vibration!modes!using!a!more!sensitive!apparatus!
in!the!MIR.!Fig.!5b!shows!the!MIR-FTIR!spectra!normalized!by!the!"lm!
thickness!recorded!in!normal!incidence!where!only!the!TO3,4!absorption!
bands!are!active.!No!noticeable!Ts-dependent!evolution!of!their!position!
and! linewidth! is! observed.! However,! one! can! notice! that! the!
500�C-bands!are!slightly!more!intense!than!the!400!�C!ones!that!is!due!
the!higher!density!of!the!500�C-"lm!as!revealed!by!FE-SEM!images!and!
by! SE! analysis.! Besides,! with! decreasing! Ts,! a! slight! increase! of! the!
LO/TO! band! intensity! ratio! is! observed! in! Fig.! 5c! showing! the!

normalized!FTIR!spectra! in!oblique! incidence.!This! is!due! to! the!size!
decrease!of!the!nanostructures!as!well!as!to!the!increase!of!their!surfaces!
curvatures!that!both!favor!scattering!and!hence!enhance!the!LO!probe!
[13].! Besides,! the! larger! variability! of! crystal! orientations! that! are!
observed!by!XRD,!would!also!enhance!the!LO/TO!intensity!ratio![31].!

3.4. Electrical!properties!at!macroscale!

Fig.!6a!shows!the!Arrhenius!plot!of!the!electrical!resistivity!ρ namely!
the!variation!of!ln(ρ)!with!the!inverse!of!the!absolute!temperature.!The!
"gure!shows!that!the!"lms!are!semiconducting!and!the!non-linear!nature!
of! the!plot! shows! that! resistivity!does!not! follow!a! simple!activation!
energy! mechanism.! The! room! temperature! electrical! resistivities! are!
28.28!� 0.04! and! 87.54!� 0.05!Ω cm,! for! Ts!¼ 400!�C! and! 500!�C,!
respectively,!which!are!close!to! literature!results!of!crystalline!Co3O4!
thin!"lms!deposited!by!CVD![16],!and!by!ALD![17,18].!On!the!other!
hand,!our!"lms!show!similar!morphologies!to!those!reported!by!ALD!by!
Klepper!et!al.![18]!but!for!smaller!Ts!ranging!from!100!�C!to!330!�C.!The!
authors! also! observed! a! concomitant! increase! of! the! resistivity!
(0.5–10!Ω cm)!with!increasing!the!grains!size!(20–50!nm)!while!Ts!was!
increased!which!would!suggest!that!the!conduction!paths!are!along!the!
grain!boundaries!and!not!through!the!grains.!We!further!investigate!the!
electrical!properties!of!the!"lms!by!AC!Hall!effect.!The!measurements!
demonstrate!the!p-type!semiconductor!behavior,!and!show!that!the!in-
crease!of!the!resistivity!is!actually!due!to!lower!holes!concentration!as!Ts!
is!increased,!while!the!mobility!is!not!signi"cantly!impacted.!The!holes!
density! are! N!¼ 2.0!� 0.9!� 1018! and! 4.6!� 0.4!� 1017!cm!3,! and! the!
mobilities! are! μ ¼ 0.16! and! 0.11!cm2!! V!1!! s!1! for! Ts!¼ 400!�C,! and!
500!�C,!respectively.!It!has!been!earlier!shown!by!Cheng!et!al.![16]!that!
for! carrier! concentration! in! the! range!of!1018!cm!3,! and! for!mobility!
values!below!1!cm2!!V!1!!s!1,!the!temperature!dependence!of!the!con-
ductivity!could!be!described!by!a!VRH!mechanism!proposed!by!Mott!
[32].!The!Mott!VRH!model!of!the!temperature!dependence!of!the!re-
sistivity!is!given!by!Refs.![33,34]:!where!σ0!and!T0!are!some!Mott!pa-
rameters,!and!n!is!an!integer!ranging!from!1!to!4!that!depends!on!the!
dimensionality,!on!the!electronic-band!structure!near!the!Fermi!level,!
and!on!the!Coulomb!correlations!between!electrons![34].!Since!the!latter!
equation!can!be!written!as:!

Fig.!5. 60� incidence!angle!normalized!absorbance!a)!FIR-FTIR!and!b)!MIR-!
FTIR!spectra!of!Co3O4! thin!"lms!deposited!on!Si!wafer!at!400!�C!and!500!�C.!
c)!Normal!incidence!absorbance!MIR-FTIR!spectra!divided!by!the!thickness.!

Fig.!6. a)!Plot!of!ln(ρ)!against!(1000/T)!and!b)!plot!of!ln(σ)!against!(T!1/4)!of!
Co3O4! thin!"lms!deposited!on!fused!silica!windows!as!a!function!of!Ts.!
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we!therefore!have!plotted!the!ln(ρ)!vs!the!Mott!VRH!variable!T!1/n.!The!
best!linear!relationship!shown!in!Fig.!6b!is!obtained!for!n¼4!suggesting!a!
3D!VRH!carrier! transport!mechanism!of!holes! that! occurs! by! energy!
transfer!between!Co3þ and!Co2þ in!the!valence!band![16].!

3.5. Impact!of!the!nanoscale!morphology!on!the!electrical!properties!

In! order! to! localize! the! electric! transport! paths,! we! compare! the!
surface!morphology!probed!by!AFM!with!the!current!measured! in!C-!
AFM!mode!at!nanoscale.!Fig.!7a!and!b!highlight!that!the!surface!mor-
phologies! for! layers!deposited!at!400!�C!and!500!�C,!respectively,!are!
consistent!with!FE-SEM!pictures!shown!in!Fig.!2.!Moreover,!we!found!
that! the! surface! arithmetic! roughness! decreases! from!13.1! to! 9.9!nm!
with! increasing! Ts,! which! is! in! agreement! with! SE! analysis,! and!
consistent! with! the! increase! of! the! nanostructures! size! and! density!
observed!in!FE-SEM.!The!current!map!of!the!"lms!deposited!at!400!�C!is!
very!inhomogeneous!over!the!surface!showing!conduction!areas!exhib-
iting!different!conduction!behavior!(Fig.!7c).!The!lateral!dimension!of!
highly!conductive!areas!is!between!65!nm!and!130!nm!which!correspond!
to!the!sizes!of!1!or!2!nanostructures,!respectively,!in!the!topography!map!
(Fig.!7a).!In!the!current!occurrence!diagram!shown!in!Fig.!7e,!the!current!
distribution!can!be!distinguished!in!three!conduction!areas:!i)!a!highly!
conductive!area!(labeled!area-3)!corresponding!to!6%!of!the!surface,!ii)!a!
low!conductive!area!(area-2)!which!corresponds!to!11%!of!the!surface,!
and! iii)! the!main! area! (area-1)! of! 83%! of! the! surface!which! is! non-!
conductive.! The! surface! ratios! are! calculated! by! integration! of! the!
occurrence!diagram.!The!current!distribution!over!the!surface!(Fig.!7d)!
of!the!500�C-"lm!is!more!homogeneous!and,!one!can!see!that!the!con-
duction! areas! are! consistent! with! the! parallelepiped! nanostructures!
visible!in!Fig.!7b.!However,!some!non-conductive!areas!are!also!present.!
They!also!indistinctly!correspond!to!similar!nanostructures.!The!current!
occurrence!ratio!diagram!in!Fig.!7f!shows!that!the!conductive!area!(area-!
2)!represents!92.5%!of!the!surface.!The!conductive!areas!show!a!linear!
behavior!of!the!current!versus!the!applied!bias!voltage!(see!Fig.!7g!and!
h).!As!results,!comparisons!of!the!current!map!with!the!morphology!of!
both!the!400�C-!and!the!500�C-"lms!suggest!that!the!conduction!paths!
are!through!the!nanostructures!and!not!along!grain!boundaries.!

However,! these! local! measurements! emphasize! that! the! depth!
average!conduction!over!the!surface!is!more!important!for!the!500�C-!
"lm!than!for!the!400�C-one,!while!the!macroscale!lateral!measurements!
show!(see!section!3.4)!that!the!resistivity!is!conversely!higher!for!the!
500�C-sample.!Then,!two!hypotheses!could!be!envisaged!regarding!the!
400�C-"lm:!i)!Columnar!nanostructures!present!different!conductivities.!
According!to!C-AFM!measurement!around!80%!of!the!nanostructures!
should!be!non-conductive.!In!this!con"guration,!the!lateral!conduction!
which!should!occur!nanostructures!to!nanostructures!over!a!long!con-
duction!path!is!thus!impossible!because!non!conductive!grains!are!too!
numerous.!This!hypothesis!is!then!non-consistent!with!the!macroscale!
lateral!current!measurements.!ii)!Columns!could!be!highly!conductive!
but!the!dense!sublayer!at!the!Si!wafer!interface!presents!high!density!of!
non-conductive! grain! (see! Fig.! 8a).! In! this! con"guration,! the! lateral!
surface! conduction! is! then! possible.! The! C-AFM! current! map! would!
strongly!depend!on!the!conductivity!of!the!dense!layer!at!the!substrate!
interface.!The!existence!of!the!two!conduction!areas!can!be!explained!as!
follows:!i)!highly!conductive!areas!corresponds!to!conductive!columnar!
nanostructures!in!contact!with!conductive!interface!layer!grains,!ii)!low!
conductive!areas!correspond!to!columnar!nanostructures!in!contact!or!in!
the!vicinity!of!the!conductive!interface!layer!grains.!The!conductivity!
can!also!strongly!differ!with!the!crystal!direction!of!the!nanocrystallites.!
The!500�C-"lm!shows!a!higher!texture!that!could!result!in!a!stronger!
direction!dependence!of!the!"lm!conductivity.!This!could!also!explain!
the!unexpected!higher!resistivity!that!shows!the!500!�C!"lm!laterally!to!

the!"lm!surface!(see!Fig.!8b)!compared!to!the!400�C-sample.!

4. Conclusion!

Polynanocrystalline!Co3O4!"lms!are!deposited!by!pulsed!liquid-gas!
injection! thermal!MOCVD,! and! the! electrical! properties! of! the! "lms!
are! studied! for! two! different! "lm! morphologies! resulting! from! two!
deposition! temperatures.! All! "lms! present! a! p-type! semiconductor!
behavior!with!the!best!conduction!properties!obtained!at!400!�C!with!a!
minimum!room!temperature!"lm!resistivity!of!28.28!Ω cm,!a!maximum!
holes!density!of!2!� 0.8!� 1018!cm!3,!and!a!maximum!holes!mobility!of!
0.16!cm2!!V!1!!s!1.!Moreover,!the!linear!T!1/4!temperature!dependence!
of! the! "lm! conductivity! is! attributed! to! a! 3D! VRH! carrier! of! holes.!
Nanoscale!characterization!emphasize!that!the!conduction!paths!occurr!
through!the!Co3O4!grains.!
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400!�C!and!500!�C,!respectively.!

Fig.!8. Lateral!and!transverse!conduction!schematics!of!the!"lms!deposited!at!
a)!400!�C!and!b)!500!�C!on!Si!wafer.!
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