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lon sputterdeposition and wair crystallisation of GAIC films
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Ternary alloys of compositioolose toCr,AlC have beerdeposited by ion beam sputtering
onto unheatedand heated to 388C Si substratesAs-deposited films have very small
crystallitesat around 7 nmAnnealing of the film in air at 700°C leads to crystallite growth to
32.3 nm.Crystallisation also can be achieved by annealing irbatirthee is also partial
oxidation of the filmsurface to the depth of approximately 120 nm, whigbresents an
oxide layerless than 5% dtfhetotal film thicknessThere isanincrease of latticaizealong
the c-axis during crystallisation in air, which can indicate small incorporation of esxyg
Film structure and crystallisation have also baaaysedby Ramanspectroscopy This is
the first time that changes in Raman spectra yAICr have been correlated with crystallite
size andit was observed that MAXphase related peaks become sharper for bigger
crystallites.
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It is well knownthat diromium contaimg materialshave exceptional engineering
properties.The materialexcel in high temperature oxidation resistance and have been used
as protective coatings for decades as can be seen in some early work and references therein
[1, 2]. A few decadesgo Nowotny and ceworkersachieved synthesis of a large class of
ternary carbides and nitridegth quite unique propertiesuch as lamination of atoms on the
nanoscald3, 4]. The resurgenceof work on those materiali® the last decade is closely
linked to Barsoum’s early worf5] andthe field has been highlighted again in the latest
reviews [6-9]. The general formula of theanolaminatednaterialsin many cases can be
presented abl,.1AX, where n=1, 2, or 3l is a transition metal, A is afi-group element,
and X is C or N-The name “MAX phases” for the crystalline arrangemevds coined by
Baroum [6]. One significant property whiicunites all MAX phases is their nanolaminated
structure The majority of mlk MAX phasesrequire high, in excess of 1260, temperature
for synthesis and synthesis of pure phases is nontrivial dieent@tionof competing binary
compounds.The first synthesis by Physical Vapour DepositiAVD) onto singlecrystal
substratesvas reported in 2002 by Palmqueattal. [10]. Since then aboufO compounds
have now been symesised[8, 9].

Retention of mechanicgbroperties and higloxidation resistance ofmany MAX
phases ahigh temperatures hamade synthesis of thin film MAX phase materias
important research areA.majorresearch challengs tolower the formation temperature of
MAX phasesand todetermineif the desired material properties can be achieved either as
MAX phaseor asmaterial with MAX compositioronly. For the 211 phasé&3r,AlC, V,AIC,
Cr,GeC, and YGeC it is possible to form fullgeveloped crystalline structures at around
500-700°C [11-17]. The Ticontaining 21Phasedi-AIC and TbGeC, however, were grown
at temperatures of order 700 {€8, 19]and only recently th&isSiC, was grownat 650°C
onanon-epitaxial substratg0].

Thin films of CrAIC composition havéeen syritesized using magnetron sputtering
techniques from elemental targets [6,7] and from compound targdi8].[8n particular,
using dc magnetron sputtering from a compound target, Walter et al. [8] havesdepor
formation of singlephase GAIC thin films on stainless steel substrates heated at
temperatures around 650%dowever it is clear thafrom an industrial viewpointleposition
at high temperatures is less attractive than deposition without additional héadidg
deposition) followed bynnealinga promote crystallisation and true MAX phase state.

Rapid thermal annealing has been successfully shoveneate a MAX phase after
deposition at low temperatuf2l]. One also needs to bear in mind that “cold” PVD while
not achieing ananolaminated atomic structure would cremtelmost amorphous bonding
network. The mateal with this structure will have different properties thhat of thetrue
MAX phase. The questios arise whether the state o€r,AIC is important for some
applicationsand indeed,is it important for some applications to have crystalline material in
the first place? This communication preseint® first set of data to address the above
guestions.

For the C5AIC thin film depositiona dual ionbeam system was used (base pressure
2 x 10° mbar) whichis described in detail elsewhd@2]. In brief, the composite target was
sputtered by 1.2 keV Arionsfrom a 3 inch diameteKaufman ion sourceThe sputtering
composite targetvas made out of element&r, graphite and Al sheets. Thelative
elemental targesputtered eas arefully adjustable in order to finely tune tlsampleto the
desired chemical compositiofPrior to the deposition theompositetarget was Ar ion
sputtereleaned foat least30 min.



The thin films were deposited onto Si (108Nd polished M42 hig speed steel
substratesn an Ar pressure of  10* mbar The produced samples adévidedin to two
categories. In the first category are samples deposited on the ssbaitataut additional
substrate heating. Previous measurements dihaivthe subiate in this casereaches
approximately 86100 °C duringthe first 15 min of thefilm depositionand then remains at
this temperatureTo the second category belong sampdesvhich the substrate holder was
heated up to 388C. Deposition was carriedub for 2 hours, which allowed pradtion of
films approximately 1.4um thick

Postdeposition annealing treatments have been perforeresitu (in-air) or in a
separate vacuum furnace with base pressuré® mbar In both casethetemperature was
rampedat arate of around 40 K/min. Samples were then kept for 20 min at the stated
annealing temperature and the heating was switched off.

The chemical composition was measured by En@igpersive Xray Spectroscopy
(EDX) and WaveDispersive XRay Speabscopy (WDX) The structure and morphology
have been investigated using grazing incidenemyXdiffraction (GIXRD) and scanning
electron microscopy (SEM). A Philips X’pert 20 diffractometer has been usd¢defofRD
studies, while SEMmageswere obtained using a Carl Zeiss Supra 40 VP Kf®td-
emission guphscanning electron microscope WHDAX EDX and WDX detectors While
both EDX and WDX givesimilar information about the chemical composition of the sample,
WDX has the advantage high energy resation and quantifies quite accurately the content
of oxygen in the sampleith Cr.

Ramanspectra wereollected in the backscattering configuration using a Renishaw
inVia spectrometer with aicooled CCD array detectam the backscattering configuration
An Ar laser (514 nm) withincident power of ~1.7 mW was focused on a spot size ofim 2
on the surfaceThe spectra were fitted using a mydgak Lorenzian + Gaussian fitting of all
experimental peaks observed. The resolution of the obtained linewidths and peak pssitions i

within 2 cm,

The surface ofnearstoichiometic Cr,AIC thin films deposited without additional heating is
in general smoothvith few hillocksand does not change significantly after annealing af@0This
glassylike appearances a first indication ofthe possibleclose toamorphous state dhe as
deposited film which is later confirmed by XRD.

In principle he chemicalcomposition Cr, Al and C contentof the films can be
found by EDX Figure 1la showstypical EDX spectrafor the samples. In this case
guantification is done on & AIK and K lines The samples depositdtbm the same
sputtering targebnto the unheated substrate and onto the substrate heated to 380°C show
almost the same composition, within the error raoigine experimental EDX techniqui€or
thesamplein Fig.1 quantitative analysis shows that the Cr:Al:C relative composition is close
to 5225:23 at.%.

A problem for EDX analysis arises e oxygen X line sits in the same rangetag
CrL lines in factin-between two main L line§heEDX detector hasround 90 eV (FWHM)
resolution at this energy and the software, as a black box, can do the line deconvolution,
which is hardly can be deemed satisfactory. The solution in thisicdaseuse the WDX
spectrometerwhich, as can beeen on Fig.2produces wellesolved lines in this region
Deconvolution of the spectra, with CasaXPS software in our case, alogisg out the
oxygen line.



After annealingn air the area of the oxygen peak significantlyreasegsee Fig.2
due to some oxidation of the MAX alloy laydt.is possible to utilisea range ofelectron
energies for assessment of the oxide layer thickness and to analyse hew isxyigtributed
in the thin film after annealing.

In order to intepret themulti-energydata we have employed the electron interaction
modelling program CASINO V2.42 [10]. It was taken, on the basis-Bla}{ Photoelectron
spectroscopy (data are not presented in the papat)poth Chromium and Aluminium form
fully stoichiometric oxides GOs; and AbOs;, which makes the oxide layer composition
Cr,AlICOs. We have assumed that theR&ay Collection Efficiency Function for both GaL
and OKu is equal, which should be a reasonable approximation as the line energies are very
close. The modelling shows that, to satisfy line integral ratios, the oxide layed dtwul
approximately 120 nm thick, which is less than 10% of the whole film thickness. The integral
ratio saturation at energies above 10 keV is explained by heawyXGray absorption in the
materal as Xrays of this energy do not normally escape from a depth above approximately
300 nm.

The grazing incidence theBatheta geometry was chosen for the XRD analysis in
order to minimize the strong signals arising from the (&ij1Bragg lines.The sample
deposited without additional substrate heatappears to be amorphoasd even remain
amorphous afteanneéed at 650°C for 20 mifdata are not present in the papdie XRD
patterrs of the sample deposited onto the heatpdo 380°C substrateare shownin Fig.3
together with the patterns corresponding to the same sample antédletC for 30 min in
air and in vacuum.

The asdeposited filmat elevated temperatu(@80FC) showsa patternwith broad
Bragg lines, centred at about 42 degrees -fine?a). Usually such patterns are characteristic
of a material structure made of sihmaanograinswith topological disordeend amorphous
like structure. The main broad line observed in the pattern can be indexed as betmtiggng t
Cr,AIC andis mainlythe (103) reflection The situation is rather different in the case of the
sample annded at 700°C for 30 mim air. In this case thERD pattern presents very sharp,
well-defined Bragg lines that are all attributed to theA@Z. It follows that, in this latter
case, the microstructure is formed by larger grains, the film being coigpiegstallized. In
the case of this completely crystallized film, the only phase identifiethd)XRD pattern
analysis is the GAIC hexagonal structure, with the P63/mmm space group. This finding is in
agreement with previous reporf&l] on crystallization behaviour of XIC. It has been
shown by differential scanning calorimetry that the crystallization temperdttie Gr,AIC
is between 67®80°C, a fact that explains the occurrence of the full crystalline structure only
after annealing at 700°Che pattern analysis reveals also presence of crystalline chromium
oxide (see later).

A moredetailed XRD pattern is found in the casfea sample annealed at 76C in
vacuum.In this case also, the less intense Bragg reflections of (002), (004) and (106) of the
hexagonal structure of &xIC are observable. For this sample, the hexagongAICris



found to be the main phase observed (more than 95% of the total intensity of ¢jge Bra
reflections).

We have applied the Rietvetgpe refinement procedure on the XRD patterns in order
to obtain with accuracy the phase composition as well as structural parameleas:sattie
parameters, unit cell volume aadlerage grain sizes usitige integral breadth methoAll
the patterns have been fitted usM@UD (the method description can be found for example
in [23]) and Datlab[24] program$. These powder diffraction packages, developed for
polycrystalline multiple phase materials, allow deconvolution of complex overtaBvagg
peaks, calculation of position and limedth of each individual Bragg reflection and the
determination of lattice parameteFr the current ammunicationDatlab has been used for
the peak analysis and calculation of lattice parameters in tdepasited and annealed
samples while MAUD was used to determine quantitatively the phase compositio& in t
samples.

As well as the GAIC hexagonal phase, traces of,Gf hexagonal phase have also
been identified in the XRD patteatfter crystallisation in airQuantitative analysis based on
whole profile fitting show that, in the crystallizéatair samplethe CpAIC represents
95.5% wt of the samplehile the CsOs represents 4.5% wt, a finding thain linethe WDX
results.

The Bragg peaks of the diagrams have been fitted peeaidovoigt line profile,
which accountdor broadening by two mechanisms. The first one is stelated and would
produce a Gaussian profile, and the other is related to the size of the grains add woul
produce a Lorentzian profile. The full width at half maximum (FWHM) of the ¥pigfile
(w) is a convolution of the widths of the associated Gaussian and Lorentzidesprafi
simplified pseudévoigt profile reads: pV(x) = ()G(x)+nL(x) where n is the mixing
parameter. This parameter, that has values between 0 and 1, is an expression @fgthe Bra
peak asymmetry and represents a quantitative estimation of the Loratitzrptoportion in
the Voigt profile. By using the lattice parameters, -ividths and mixing parameters of the
assumed pseueloigt profile of the Bragg lines, obtained for each Bragg reflection, we were
able to calculate the average crystallographic domain size associated withethgeav
diameter of the grains. The method we used is based on the integral breadth algorithm. The
program calcwdtes domain sizérom input integral breadths of at least two physically
broadened (due to the crystallite sizélrdction line profiles.

The results of the fittings argiven in Table 1. The lattice parameters which resulted

from the fit as well as the unit cell volume are quite close to the values for the bAIK Ca

= 2.86 A and c=12.82 A). Most of tharidion is related to @xis, lengthswhich decrease
upon annealing andecomecloser to the bulk valudtoweverthey remairslightly larger than

the value for the bulk samples. It is also evident, iomtsamples annealed in air at 74D

the lattice parareters remain slightly biggeas compared to the vacuum annealiwpich
probably indicated that some small amount of oxygen gets into the film bulkeaitds
interstitially in the lattice We also can speculate that this oxygemtially suppresses the
crystallisationand crystallites are a bit smalléiris observable that the grain size increases
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a result of deposition at 38 to 14.2 nm as compared to deposition onto unheated, cold,
substrate.

Both asdeposited and annealed samples were analysed using Raman spectroscopy
and the results obtained are shown in Figure 4 and TafAleke2MAX phases are a member
of the space group g, and for the 211 structures there are 4 Raman active optical modes,
three of which are Raman active and one which is Baiman and infrared actiy25].

The range of the obtained spectrum is betweerabdi®000 cni* within which three
typical areas can be identified. THesf area is in the range of 140500cnt. In this area
there are peaks typical for X ,.; phases (in our case n = 2). The second area;-3@DO
cm?, contains mainly peaks due sarfaceoxides [26]and vibration modes in carbid27].
The high energy area, 1062000 cn, relates tavell know in many carbidesarbonbased
bonding with two main carbon bonds D and G.

The assignment of the observed Raman peaks have been made in agreement with
reported results on gXIC [25, 27] and CpOs [26], respectively. A significant difference is
found betweeran asdeposited and annealed coating for each of the almevgioned areas.
As can be seen from observing thrstfareain Figure 4, the annealing does not change the
total number of visible peaks (lal), however, those peaks are more visible and better
defined than those for the-deposited sample. There is little difference in the peak positions
between resudtfor the two analysed samples and those quoted in the literature. Some peaks,
such as 1a and 1b for the annealed samples, do overlap and are difficult to distinguish. These
peaks are typical for 211 MAX phases and their position is in quite good agreweitient
literature data. In the second sectifor the asdeposited sample 2 peaks are visible (3a and
3b) but after annealinig air a new peak appears (2), the intensity proportion for peaks 3a and
3b reverse and there is significant peak shift. Peaktypisal for chromium oxidéorming
on the surface upon annealifidhe peak sharpening after annealing can be explained on the
basis of phonon confinement thed®8, 29] which predicts that the peaks will sharpen as
the crystallites get biggethis, for the first time, shows that the Raman spectra can be used
in studied films for the determination of the film crystallinityCrAIC.

The third area shows peaks D and G typical for carbon bonding (marked as peaks 4a
and 4b, respectively). For an-dsposited sample only the D band with low intensity is
visible kut, after annealing, the intensity increases and the additional G band appesss.
differences in Raman spectra for-dgeposited and annealed samples suggest that there is
significant phase transformation as a result of the annealing process inféte segiorand
some carbon precipitation occurs agcordance with th&nown instability of transitional
metal carbide§30].

In summary we have shown thathe ternary alloyof composition GIAIC which,
when crystallinebelongs tahe class of smamed MAXphases wadeposited by ion beam
sputtering ontaunheatedSi substratesThe a&-deposited films have very small crystallites.
Crystallisaion can be achieved by annealing in air and, annealiregr at 700°C leads to
crystallite growth to 32.3 nmThere isthenalso partial oxidation of the film which has been
investigated by WDX spectroscopy with spectra taken at different electron beagnes. It
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is possible to estimatassuming fully stoichiometric oxidethatthe oxide layer is less than
5% of total film thicknessfter annealing at 708C in air for 30 min. This indicates the
possibility that films can be crystallized in air without significant oxygen coint@ion. Film
structure and crystallisation have also baealysedy Ramarspectroscopy This is the first
time that changes in Raman spectra ipA@ have been correlated with crystallite size and
we have observed that MAphase related peaks become sharper for bigger crystallites.
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Figure captions

Fig.1 Typical X-Rayspectra from GAIC sampleanalysed by Energy Dispersive
Spectroscopy (EDX)

Fig.2 WDX spectraof as deposed and annealeith-air samplegshown adines with
symbols). lineswithout symboldelong tatheoxygen K, line deconvoluted from the
spectra.

Fig.3. GIXRD patternof asdepositedsamplesandsamples annealdédr 30 minutesn air or
in vacuumat 700°C.

Fig.4 Raman spectra for XKIC MAX phases comparing asleposited and annealed
samples. 1-4d peak range is typical for 211 MAX phases, peak 2 is for chromium oxides, 3a
and 3b are for vibration in chromiucarbide 4a and 4b are for carbao-carbon bonds.

Table captions

Table 1:Lattice parameters and average crystal size for the investigated samples

Table2. Peak position values for dgposited and annealed samples and the literature values
for MAX phases.
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Fig.4. Raman spectra for &XIC MAX phases comparing adeposited and annealed
samples. 14d peak range is typical for 211 MAX phases, peak 2 is for chromium oxides, 3a
and 3bare br vibration in chromium carbide, 4a and 4b are for catberarbon bonds.

Table 1: Lattice parameters and average crystal size for the investigated samples

Lattice parameters Crystal size

a(A) c (A) V (nm°) (nm)

as deposited 2.82+0.005 13.6+0.017 0.382 6.6+0.8
on cold substrate

as deposited on 2 83+0.001 12.86+0.014 0.364  14.2+3.2
substrate at 384C

Annealed in vacuun 2 84+0.009 13.15+0.013 0.373  32.3+2.8
30 min @ 700C

Annealed inair 2 .83+0.008 12.97+0.019 0.367  23.6+2.2
30 min @ 700C

Table 2. Peak position values for a@eposited and annealed samples and the literature values
for MAX phases.

Raman peak positions (€h

Peak no. la 1b 1c 1d 2 3a 3b 4a 4b

asdeposited 176.3 251.3 * 3474 - 675.2 808.7 1364.8 -

annealed 880 169.5 254.2 304 347.5 552.5 696.6 826.3 1354.1 1571.9
min @700°C in
vacuum

Literature 150.9 246.3 * 339.2 544 n/a n/a n/a n/a
values [24-26]
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