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ION-PLASMA DEPOSITION OF THIN QUASICRYSTALLINE
Al-Cu-Fe AND AI-Cu-Co FILMS
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Al-Cu-Fe and Al-Co-Cu thin films were firstly deposited on sodium chloride or glass-ceramic substrates by
modernized method of three-electrode ion-plasma sputtering. The nominal compositions of the films were chosen in
the regions of quasicrystalline phases formation. The as-sputtered films were typically 85 to 260 nm thick. The films
were annealed at temperatures ranging from 873 to 923 K for 10 min...3 h. The structure of films was studied by
scanning and transmission electron microscopy and X-ray analysis. Electrical properties were determined by a four-
probe method. The as-deposited Al-Cu-Fe film was found to consist of isolated quasicrystalline nanoparticles of
icosahedral i-phase. With substitution of Fe for Co in Al-Co-Cu film, X-ray amorphous phase and only traces of
quasicrystalline decagonal D-phase were revealed. After annealing, the films were predominately quasicrystalline
due to transformation of metallic phases into quasicrystalline. At the same time, the size of coherent scattering
regions for quasicrystals increased by two times from ~ 3 to 6 nm. Measurements of electrical resistivity showed
that no phase transformations occurred in Al-Cu-Fe film up to 723 K and in Al-Co-Cu film up to 640 K. With
following increase in temperature, electrical resistivity of Al-Cu-Fe film increased by six orders of magnitude (up to
6:10" Q/sq). In contrast, electrical resistivity of Al-Co-Cu film decreased by ~ 2 times. After cooling to room
temperature, resistivity of Al-Cu-Fe film equaled to ~3-10° Q/sq and that of Al-Co-Cu film — to 8.7 Q/sq. We

concluded that Al-Cu-Fe thin film is more suitable candidate for application as precise high-ohmic materials.
PACS: 61.44.Br, 81.15.Fg, 61.43.Dq, 64.60.My, 81.07.Bc, 75.70.-i

INTRODUCTION

Al-Cu-Fe or Al-Cu-Co alloy systems have been
identified as systems in which three-dimensional
icosahedral (i) or two-dimensional decagonal (D)
quasicrystals are stable at high temperatures [1, 2]. Both
systems are known to yield quasicrystalline phases after
slow solidification. Discoveries of the stable
quasicrystals have inspired a great progress in the
studies of quasicrystalline structure and properties. It
has been found that these materials have unique
mechanical and tribological properties, including low
friction, high hardness, high wear, corrosion and
oxidation resistance [3-5]. Other properties such as
brittleness have hindered the use of quasicrystals in bulk
form, although they have shown significant potential for
use as thick composite coatings [6, 7] and thin films [8,
9].

To produce a large variety of thin quasicrystalline
Al-Cu-Fe films on Al,0;, MgO, NaCl etc. substrate
materials, the methods of vapor deposition are now used
[10]. The films were deposited at various substrate
temperatures in either the amorphous or the crystalline
state or as a stack of elemental layers [11, 12]. The
icosahedral quasicrystalline phase (i-phase) was
obtained by subsequent annealing. Thin quasicrystalline
Al-Cu-Fe films were also formed directly by such
methods as sputtering or evaporation, without need for
post-deposition treatments [13]. Due to rapid cooling,
quasicrystalline  coatings based on  Al-Cu-Fe
quasicrystals have shown high resistance to wear,
corrosion in  aqueous  solutions, low thermal
conductivity [14-18]. They are ideal candidates for
applications requiring sliding contact [19-21].

Thin films of Al-Cu-Co alloys were grown by
thermal vapour deposition technique by varying the
composition of the target material [22]. It was observed

that quasicrystalline decagonal phase (D-phase) did not
form in thin films when the composition of the target
material was close to that of quasicrystalline phase, i.e.,
AlgsCuisC0o,0. The deposited films of lower thickness
(<200 nm) were always found to contain amorphous
phase which transformed mainly to crystalline phases.
By several trials of changing the composition of the
target material it was found that target alloy
composition close to AlsgCu,,Cosq yielded maximum
amount of AlgCu;5Co,9 quasicrystalline phase in the
films of 1000...2000 nm in thickness. The composition
variation between the target alloy and the deposited film
was explained by significant differences in partial
vapour pressure among the constituent elements. The
phase evolution under rapid solidification condition of
the melt spun AI-Cu-Co-Ni ribbons may also open an
interesting field of applications [23]. The thickness and
width of the ribbons were found to be ~50 um and
~0.75...1.0 mm, respectively.

Thus, the structure of quasicrystalline coatings has
been found to be sensitive to the cooling rate achieved
during deposition [24-30]. Therefore, it is essential to
monitor the rates of sputtered atoms which have a
considerable dispersion not only in magnitude but also
in direction. An acceleration of ions impinging on the
target and, correspondingly, an increase in their kinetic
energy by factors of 5 to 6 can be achieved by using a
modernized method of ion-plasma sputtering [31, 32].
This method ensures a more uniform mixing of
components upon their deposition on the substrates than
traditional techniques [33]. The cooling rates for
deposited films, theoretically estimated considering the
time of atoms relaxation, are within the range of 10" to
10" K/s. The structure of the films is formed in extra
non-equilibrium conditions.
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It may be assumed that quasicrystalline materials
appear to be a potential candidate for application as an
efficient coating material on Vvarious substrates.
However, it must be pointed out that in order to obtain a
good quality quasicrystalline thin film, there is a need to
pursue the study of their formation. Understanding the
stages of quasicrystalline film growth is critical to
reproducible film fabrication.

The aim of the present work is to deposit stable
quasicrystalline thin films of Al-Cu-Fe and Al-Cu-Co
alloys grown by the modernized ion-plasma sputtering
technique. Coatings prepared of these alloys have been
investigated as well for their electrical properties.

1. MATERIALS AND METHODS

Thin films were deposited on sodium chloride or
glass-ceramic substrates by modernized method of
three-electrode ion-plasma sputtering [31]. As targets,
20x20x5 mm parallelepipeds were used made of pure
components  (99.99%). The parallelepipeds were
separated by barrier cells performing like electrostatic
lens. Details concerning schematic drawing of
sputtering system can be found in [32].

The sputtering parameters to deposit quasicrystalline
coatings by modernized method of three-electrode ion-
plasma sputtering are listed in Table, where Pgyy is
starting vacuum in the working chamber; P, is a
pressure of orifice gas (Ar); Uy is a target voltage; I, is
anode current; j is target current density; tqep is a time of
deposition on substrates; D is a thickness of films
deposited on glass-ceramic substrates; drgy IS a
thickness of films deposited on sodium chloride
substrates for TEM investigation; 7 is a rate of
deposition.

Sputtering conditions for thin films

Parameter AlgoCuygFe;, AlgsCuy3C0o46
Pstart, MPa 1.2 2.0
Par, mPa 53 53
Uw, kV -2 -2
Ia A 2 2
j, Alm? 4.8 6.8
tgep, S 1660/120 1440/180
D, nm 260/19 105/14
drem, NM 19 14
7, pm/s 160 73

The initial compositions of the targets used for
sputtering were AlgyCujgFe;, and AlggCu3Co16 (at.%).
The nominal compositions were similar to those of the
quasicrystalline alloys reported in [1, 2]. The films
thickness was varied from 85 to 260 nm. In addition,
thin films were annealed in a tube furnace in vacuum at
different temperatures (873...923K) and times
(20 min...3 h).

The films were characterized by scanning (SEM)
and transmission (TEM) electron microscopy (EM)
together with energy dispersive (EDX) and X-ray
diffraction (XRD) techniques. Before examinations, the
sodium chloride substrates were removed by dissolving
in water to acquire free standing thin films. Electrical
resistivity (Rs) of quasicrystalline films deposited on

glass-ceramic substrate was measured with the
conventional four-probe method in the temperature
range 293...923 K at heating rate of 18 K/min in
vacuum (~ 1.3 mPa).

2. RESULTS AND DISCUSSION

Thin films of Al-Cu-Fe and Al-Cu-Co alloys adhere
very well to the substrates and can withstand small
plastic strains without failing. EDX measurements show
that Al-Cu-Fe films growth reduces the Al present in the
films, but Cu and Fe content is close to expected [17].
The average oxygen content is less than 13 at.%. In the
deposited Al-Cu-Co film the Al content is higher, but
the Co content is lower compared to calculated one
demonstrating that the rate of Co deposition is lower
than that of Al and Cu [22]. Composition of the films
varies only slightly over the rather large substrate area.

The Al-Cu-Fe film consists of isolated
quasicrystalline nanoparticles at the given composition
and deposition conditions. The dispersed structure of
Al-Cu-Fe film is deduced from EM patterns (Fig. 1). In
electron microdiffraction pattern (see Fig. 1,b), the
diffraction lines are diffused. No separate reflections are
observed here in microdiffraction mode. This confirms
the formation of nanosized quasicrystalline particles
which takes place by a direct nucleation process.

Fig. 1. EM patterns of as-sputtered Al-Cu-Fe film:
a—SEM (D ~ 260 nm, x5.5-10°);
b — electron microdiffraction pattern;
c—TEM (drem ~ 19 nm, x 4:10%)

XRD pattern also reveals that Al-Cu-Fe film is not
continuous but consisted of isolated nanoparticles
(Fig. 2,a). The peaks angles are close to those indicated



for the icosahedral quasicrystalline phase [14]. Nanosize
of i-phase is verified by a width of diffraction peaks.
The size of coherent scattering regions for as-sputtered
Al-Cu-Fe film is ~3 nm. The regions surrounding i-
phases are dispersed crystalline and very thin compared
to the quasicrystalline grains.
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Fig. 2. X-ray patterns of Al-Cu-Fe films:
a — before annealing, b — after annealing

After annealing for 3 h at 873 K, the Al-Cu-Fe film
exhibits coarser structure. Post-annealing treatment
reveals that coherent scattering regions  of
quasicrystalline icosahedral phase become ~6nm in
size. So, a twofold increase in size is observed as
compared to that of as-sputtered film. In X-ray pattern
additional diffraction peaks appear after annealing (see
Fig. 2,b). All the peaks can be identified as icosahedral
single phase. Diffraction peaks become narrow; their
intensity increases. In addition, most of the peak
positions are shifted towards lower angles because of
the effect of thermal relaxation and volume diffusion of
components in the films.

In the heating procedure with a rate of 18 K/min,
measurements of electrical resistivity (Rs) show that the
Al-Cu-Fe film is stable up to 723 K. Over a temperature
range of 293...723 K, the slight reversible decrease in a
resistivity from 20 to 19.9 Q/sq is observed which
indicates that no phase transformations take place
(Fig. 3). The temperature coefficient of the resistivity
(TCR) is of negative value -2:10*K™ As the
temperature is raised from 723 to 803 K, irreversible

increase in electrical resistivity by six orders of
magnitude (up to 6-10° Q/sq) evidences that the
structure of the AI-Cu-Fe film starts changing.
Activation energy of phase transformations calculated
using Kissinger method equals to ~ 103 xJ/mol. With
following increase in temperature up to 873 K, Rs slightly
decreases with the negative temperature coefficient of
the resistivity. In cooling up to 753 K electrical resistivity
decreases up to ~ 3-10° Q/sq. Then, in cooling up to room
temperature, it slightly lowers with the negative TCR
amounting to ~-5-10° K. The observed changes in
electrical resistivity of the deposits during heating are
consistent with the above described changes of their
nanoquasicrystalline structure. The presence of the
three-dimensional quasi-periodicity contributes to the
sharp increase in the electrical resistivity which can be
explained by the specific properties of icosahedral

quasicrystals [34].
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Fig. 3. Temperature dependence of electrical resistivity
of Al-Cu-Fe film at heating rate of 18 K/min

As-sputtered Al-Cu-Co film is found to consist of
X-ray amorphous phase. Some traces of quasicrystalline
D-phase are revealed as well. The presence of these
phases is verified by XRD (Fig. 4,a). The size of
coherent scattering regions for D-phase is ~ 2.8 nm.

After annealing for 10 min at 923 K, the Al-Cu-Co
film consists of a decagonal phase and an Al-based
crystalline phase. This can be explained as follows.
Enhanced diffusion leads to the rapid growth of
quasicrystalline phases resulting in the expulsion of
mainly aluminum to the surrounding matrix. Diffraction
pattern from the decagonal phase and Al-based phase of
post-annealed AIl-Cu-Co film is shown in Fig. 4,b.
Stresses relaxation and disappearance of amorphous
phase may also be responsible for narrowing of some
reflections in XRD pattern. In addition, due to solid
state diffusion the significant shift in positions of
diffraction peaks is revealed.

Annealing experiments show coarsening behavior.
The coherent scattering regions for D-phase increase in
size up to 6 nm after annealing. Thus, as-sputtered Al-
Cu-Co thin film has mainly an amorphous structure.
This amorphous phase is metastable and transforms to a
mixture of quasicrystalline and crystalline phases upon
short annealing. At temperature 923 K, diffusion is
highly enhanced and results in a twofold enlargement of
coherent scattering regions for D-phase.
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Fig. 4. X-ray patterns of Al-Cu-Co films:
a —before annealing, b — after annealing

The as-sputtered Al-Cu-Co thin film has relatively
small values of electrical resistivity amounting to
~22...25 Q/sq (Fig. 5). Such values may be explained
by the presence of amorphous phase with the positive
temperature coefficient of the resistivity in the film.
During heating, TCR for quasicrystalline and crystalline
phases may mutually compensate each other.
Investigations of electrical properties over a temperature
range of 290...640 K reveal that electrical resistivity
shows reversible change from ~ 22 to ~ 21.8 Q/sq. This
means that structure of the film remains unchanged. The
temperature coefficient of the resistivity for Al-Cu-Co
film is negative and equals to -6-10 % K.

20+
00
<
G 151
'3
=~
10 <

400 800

T,K

Fig. 5. Temperature dependence of electrical resistivity
of Al-Cu-Co film at heating rate of 18 K/min

In a temperature range of 640...920 K, irreversible
change of Rg from 19.3 to 8.8 Q/sq is observed which
indicates a start of phase transformations inducing
structural changes. As annealing experiments show, this
may be related to transformation from amorphous phase
to a mixture of quasicrystalline and crystalline phases.
Activation energy of structural changes reaches
~51kJ/mol. In the cooling from 920K to room
temperature, resistivity for Al-Cu-Co film decreases up
to 8.7 Q/sq and TCR amounts to -1.2:10° K. The
revealed difference in the electrical resistivity of Al-Cu-
Co and Al-Cu-Fe thin films originates from differences
both in their atomic arrangements and the
accompanying electronic structure [34].

CONCLUSIONS

The quasicrystalline Al-Cu-Fe and Al-Cu-Co thin
films have been first deposited by modernized method
of three-electrode ion-plasma sputtering on NaCl or
glass-ceramic  substrates at cooling rates of
10%...10" K/s.

In the case of Al-Cu-Fe film, an almost pure
icosahedral quasicrystalline i-phase can be obtained.
Determination of a size of coherent scattering regions
indicates that the i-phase of the Al-Cu-Fe film is in
nanostructural state. Post-annealing treatment for 3 h at
873 K reveals an increase in the amount of i-phase and a
twofold increase of the size of its coherent scattering
regions due to solid state diffusion. The measurements
of an electrical resistivity of the depositions show that
the Al-Cu-Fe film is stable up to the temperature of
723 K. In a temperature range of 723 to 773 K, its
electrical resistivity increases by six orders of
magnitude. The Al-Cu-Fe film exhibits a negative
temperature dependence of resistivity over a wide
temperature range.

In the deposited Al-Cu-Co film, X-ray amorphous
phase and traces of decagonal quasicrystalline D-phase
are revealed. At annealing temperature of 923 K,
transformation from amorphous phase to a mixture of
decagonal quasicrystalline and Al-based crystalline
phases is observed. Annealing results in almost twice
larger coherent scattering regions of D-phase. As
electrical resistivity measurements evidence, Al-Cu-Co
film is stable up to 640 K. During cooling from 920 K to
room temperature, the negative temperature coefficient
of the resistivity changes as compared with that of the
as-sputtered film.

Thus, by controlling the process parameters such as
the deposition rate, thickness, substrate temperature, the
composition as well as annealing procedure, it may be
possible to obtain quasicrystalline Al-Cu-Fe and Al-Cu-
Co films. The three-dimensional icosahedral
quasicrystals possess much higher electrical resistivity
than the two-dimensional decagonal quasicrystals. This
leads us to conclude that the quasicrystalline Al-Cu-Fe
thin film is more suitable candidate for fabrication of
precise high ohmic resistors.
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OCAXKJIEHUE TOHKUX KBASUKPUCTAJJIMYECKHUX IIVIEHOK Al-Cu-Fe U Al-Cu-Co
NOHHO-NIJIASBMEHHBIM METOJIOM

C.U. Paoues, E.B. Cyxoean

Toukue trenkn Al-Cu-Fe u Al-Co-Cu Oblir BIiepBbIe HAaHECEHBI HA TOIOKKHA M3 HATPHI XJIOpHIa W CHTala
MOJACPHHU3UPOBAHHBIM METOJOM TPEXdAJIEKTPOJHOTO HOHHO-TUIA3MEHHOTO OCaKACHMSA. HOMHHaIBHBIE COCTaBEI
IVICHOK BBIOMpanu B oOJIaCTH CYIECTBOBAaHHMS KBa3HKpHUCTAUIMYeCKUX (a3. ToNmuHA HaNbBUICHHBIX IUICHOK
cocraBisia or 85 10 260 um. [lnenku oTxuranu B mHTepBaie Temrnepatyp 873...923 K B teuenne 10 muH...3 4.
CTpyKTypy IUIGHOK H3y4Yaldd METOJaMU CKAaHHMPYIOIIeW M TPAHCMHUCCUOHHOW SJEKTPOHHOW MHUKPOCKONHUU U
PEHTTEHOCTPYKTYPHOTO — aHalu3a. OJEKTPUYECKUE CBOMCTBA  ONPENE/SUIM  YETHIPEX30HIOBBIM  METOOM.
VYCTaHOBIEHO, YTO B CBEXEHANbUICHHOM cocTossHud mwieHka Al-Cu-Fe cocTouT w©3  H30JMPOBAHHBIX
KBa3MKPHUCTAIUINYECKAX HAHOYACTHI[ HKOCadapuueckoi i-¢as3pl. [lpu 3amene Fe ma Co B menke Al-Co-Cu
oOHapyxeHbl peHTreHoamopdHast gaza u ciiebl KBa3UKPUCTAJUIMUECKO# NexaroHanbHoil D-¢assbl. [locne oTkura
IUICHKH UMEIOT NPEUMYIIECTBEHHO KBa3UKPUCTAIUTMYECKYIO CTPYKTYPY BCICACTBUE HPEBPAILCHUS METATHISCKUX
¢da3 B KkBasukpucraumdeckue. [Ipm 3ToM pasmep o00nacTeil KOTEPEHTHOTO pAacCessHUA KBa3HKPUCTAILIOB
YBEJINYUBACTCS B JBa pasa ¢ ~ 3 10 6 HM. MI3MepeHust aeKTPUISCKOro CONPOTUBIICHUS ITOKA3alH, 4yTo B ruieHke Al-
Cu-Fe otcytcTBYIOT (pa3oBbie mpeBpallieHus BILIOTh 10 Temmeparypsl 723 K, a B mienke Al-Co-Cu — no 640 K.
[pu mocnenyromemM Harpese J1eKTpryeckoe conporupieHue mwieHkn Al-Cu-Fe BospacTaer Ha mwecTs NOPSAKOB (10
610" Om/kB). Hamporus, snexrpudeckoe comporuBienne mienkn Al-Co-Cu ymenbmaercs B ~2 pasa. Ilocie
OXJIX/ICHHSI 10 KOMHATHON TeMIIepaTyphl conpornsienue mienkn Al-Cu-Fe cocrasmster ~ 3-10° OM/kB, a mieHKH
Al-Co-Cu — 8,7 Om/kB. Crenan BbIBOJ 0 TOM, uTo mieHka Al-Cu-Fe ssisercs Gosiee MepPCIEKTUBHBIM MaTepraioM
JUISL U3TOTOBJICHUS PELIM3MOHHBIX BHICOKOOMHBIX PE3HCTOPOB.

OCAKEHHSI TOHKHUX KBA3IKPUCTAJIIYHUX IIJIIBOK Al-Cu-Fe TA Al-Cu-Co
IOHHO-IIVIASMOBUM METOJIOM

C.I. Paoyes, O.B. Cyxosa

Touki mmisku Al-Cu-Fe ta Al-Co-Cu Gynu Brepiie HaHeCEHI Ha IMIKIAAKM 3 HATPili XJIOPHIY Ta citaily
MO/ICPHI30BaHUM METOJIOM TPUEJIEKTPOJHOTO I0HHO-IIa3MOBOI0 oca/keHHs. HoMiHanbHUi ckiiaj MIiBOK oOupanu
B 00JacTi iCHyBaHHs KBasikpucTamiyHux (a3. TOBIIMHA HAMWICHUX IUTIBOK Ckiagana Big 85 mo 260 um. [TiiBku
BignamoBanu B iHTepBanmi Ttemmeparyp 873...923 K ma mporszi 10 xB...3 rox. CTpykTypy IUTIBOK BHBYAIH
METOAaMH CKaHYIOUOi i TPAHCMICIHHOI €IeKTPOHHOI MIKPOCKOIIIl Ta pEHTTEHOCTPYKTYPHOTO aHami3y. Emekrpuyni
BJIACTHBOCTI BHU3HAYAIH YOTHPU30HIOBUM METOOM. BCTaHOBIEHO, 1110 B CBIXOHAaMMICHOMY cTaHi riiBka Al-Cu-Fe
CKJIAIAETHCS 3 130JIbOBAHUX KBAa3iKPUCTAIIYHUX HAHOYACTHHOK ikocaeapuvHol i-¢asu. Y pasi 3aminu Fe nwa Co B
wriBii Al-Co-Cu BusieiieHi pentreHoamopdna (asza i cmigu KBa3ikpuCTamiuHOI JekaroHanbHol D-dasu. Ilicmns
BiAMAJTy IUTIBKM MAalOTh IEPEBaKHO KBA3IKPHCTANIYHY CTPYKTYpY BHACHTIJOK IIEPETBOPEHHsS MeTaleBHX (a3 Ha
KBazikpucTanivHi. [Ipy mpomy po3Mmip obiacTeli KOTepeHTHOT'O PO3CIFOBaHHS KBa3iKPHCTAIiB 301IBIIYETHCS B IBA
pasu 3 ~ 3 10 6 HM. BuMipu eeKTpuYHOTo Omopy mokasaiw, mo B miismi Al-Cu-Fe BigcyTHi ¢a3oBi nepeTBOpeHHs
ax 1o temmeparypu 723 K, a B mwriBii Al-Co-Cu — mo 640 K. Tlig wac HACTYIHOTO HArpiBY €NCKTPUYHHNA OIIip
mmiskn Al-Cu-Fe 36inbimyersest Ha micts mopsakis (1o 6:10° Om/k). Hasnaku, enexrpuanuii omip mrisku Al-Co-
Cu 3Menmyerbest B ~ 2 pasu. Ilicist 0X0o/pKeHHs 10 KiMHaTHOI Temmeparypu omip mwiiBku Al-Cu-Fe ckmamae
~ 3-10° Om/kB, a miisku Al-Co-Cu — 8,7 Om/kB. 3po6iieHO BUCHOBOK, 1110 IutiBka Al-Cu-Fe € GiibIn repcrneKTHBHUM
MaTepiaioM Il BATOTOBJIEHHS NMPENHU31HHNX BUCOKOOMHHUX PE3UCTOPIB.



