Functional Materials 13, No.1 (2006)

Effect of substrate temperature on crystalline
structure and galvanomagnetic characteristics
of Ni—-Cu alloy thin films

V.B.Loboda, S.N.Pirogova, A.I.Saltykova

A.Makarenko Sumy State Pedagogical University,
87 Romenskaya St., 40002 Sumy, Ukraine

Received May 26, 2005

The phase composition, crystalline structure and magnetoresistance of the Ni-Cu alloy
thin films of various thickness and concentrations have been studied. Influence of substrate
temperature on the crystalline structure formation processes and phase composition of the
films has been considered. Dependences of magnetoresistance AR/R, and coercive force H,
on the substrate temperature have been established.

WccnemoBansl (ha3oBBINl COCTAB, KPUCTAIJINUYECKAsS CTPYKTyPa U MATrHHTOCOIIPOTHUBJIEHUE
ToHKUX IeHoK ciuiaBa Ni—-CU ¢ pasjIuYHBIMU TOJNIMHAMU W KOHIEHTPAIUAMHU KOMIIOHEHT.
PaccmorpeHo BiImAHMWE TeMIepaTyphl IOJJIOMKKU Ha IMpolecchl (POPMUPOBAHUA KPUCTAJIIU-
YeCKOH CTPYKTYPHI U (Pa30BHIfl COCTAB IIJIEHOK CIIJIABOB. ¥ CTAHOBJIEHBLI 3aBUCHMOCTU BeJIUUYU-
HBI MarHUTOCONPOTUBIEeHUA AR/R; 1 KOSPUUTUBHOU cuibl H, OT TeMIepaTypsl MOJJIOMKKH.
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The condensation in vacuum is one of the
widely used techniques to obtain thin films
and has a number of advantages as com-
pared with other techniques (electric deposi-
tion, chemical deposition from solutions,
cathode sputtering, etc.). The films ob-
tained by this technique are characterized
by high purity due to use of high vacuum.
Moreover, this technique provides obtaining
homogeneous films of preset thickness hav-
ing a defined structure and physical proper-
ties by varying the crystallization parame-
ters within a wide range. One of the basic
parameters that influence the film crystal-
lization process on a substrate is the sub-
strate temperature T,, any change of that
causes changes in series of simultaneous
processes. Thus, the T, elevation results in
increased mobility of the condensed atoms
which migrate along the substrate surface,
intensified desorption of adsorbed atoms of
the substance being deposited (as well as
foreign particles and impurities), decreased
concentration of surface defects, thus favor-
ing the formation of coarse-grained films
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with more perfect structure, which have im-
proved grain-oriented pattern. The purpose
of this work is to characterize the substrate
temperature dependence of crystalline struc-
ture, phase composition, as well as magne-
toresistance (MR) of Ni—Cu alloy thin films.

The samples of Ni-Cu alloy films of 85 to
100 nm thickness with copper concentration
(Ccy) 10 to 40 at.% were obtained in VUP-
5M vacuum unit (residual pressure 1073 to
1074 Pa) using separated evaporation of
components according to the procedure [1].
The samples for electron-microscopic exami-
nations were condensed on (001) KBr chips.
The samples for magnetoresistance measure-
ments were condensed on polished glass
plates with preset copper contacts. The re-
quired fixed substrate temperatures T|
(293 K, 373 K, 473 K and 573 K) were pro-
vided by a copper block of substrate holders
connected with the heater and was measured
using a differential copper-constantan ther-
mocouple at an accuracy of £10 K. The film
thickness d was measured using MII-4 mi-
crointerferometer equipped with interfer-
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ence pattern computer registration system
[2] (the measurement accuracy amounts 10
to 20 %, depending on the film thickness).
The concentrations of components in the ob-
tained alloys were evaluated both by calcu-
lations (according to [1]), and using an EDS
X-ray micro-analyzer installed in a REM-
103-01 scanning electron microscope. The
crystalline structure of Ni—Cu film alloys
was stabilized by 2 or 3 annealing cycles up
to 673 K in VUP-5M vacuum installation.
The electron-microscopic and electron dif-
fraction investigations of samples were car-
ried out using EM-125 electron microscope.
The magnetoresistance [3] of Ni—-Cu alloy
films AR/Ry=(Ry-Ry)/ Ry was measured as de-
scribed in [2]. The longitudinal MR (AR/Ry)
and transversal MR (AR/R), values were de-
termined depending on the mutual arrange-
ment of the field and the current direction in
the sample.

In all the obtained film samples, the fce
Ni—Cu alloy with crystal lattice parameter
ar, = 0.352 to 0.357 nm is formed, that
conforms well with the parameter value
ag = 0.3542 to 0.83615 nm for bulk Ni—Cu
alloys [4] (at Cg, varying from 0 to
100 at.%). The electron-microscopic images
and respective electron diffraction patterns
of Ni—Cu alloy films deposited on KBr sub-
strates at various temperatures T (deposi-
tion rate about 0.5 nm/s) and then heat-
treated up to 673 K are presented in Fig. 1.
In all investigated cases, formation of alloy
takes place already at the condensation
stage, and electronography data confirm
this phenomenon. The films crystallized at
room temperature are characterized by a
fine-grain structure with crystallite sizes
about 5 to 10 nm (Fig. 1a), and the diffrac-
tion pattern in the form of slightly diffused
rings (insertion in Fig. la) corresponds to
this structure that evidences the small size
and random orientation of the crystal
grains. The substrate temperature elevation
up to 373 K does not result in any notice-
able increase of grain size, as is seen in Fig.
lc; however, very weakly expressed texture
maxima are observed in the diffraction pat-
tern (insertion in Fig. 1c) and this is an
evidence of the starting oriented growth of
some grains with respect to the substrate.
The further substrate temperature rise to
T, =473 K during the condensation process
results in formation of crystalline structure
with crystallite sizes of 50 to 70 nm (Fig.
le). At the same time, increased number of
oriented grains evidenced by contraction of
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small arcs at the rings of electron-diffrac-
tion patterns (insertion in Fig. le).

In the films deposited at T, =573 K, a
coarse-grain structure with grain size L of
about 70-100 nm (Fig. 1g) is observed, and
the diffraction pattern in the form of thin
rings with spot reflexes of corresponding
orientation (001) arranged thereon (inset in
Fig. 1g) answers to this structure. More-
over, supplementary reflexes are observed
in electron diffraction patterns (designated
by D in the inset in Fig. 1g), which can be
explained by the presence of twins, and this
is a characteristic feature of thin films of
many metals with fcc lattice crystallized on
alkaline halides at thermal evaporation in
vacuum (twins being present on every {111}
plane). The strips connecting the (200) and
(111) reflexes in the electron diffraction
pattern (inset in Fig. 1g) evidence small
size of the twins. Some weak supplementary
reflexes (designated as T in the inset in Fig.
1g) can be explained by double diffraction
(an electron beam diffracted from (001) ori-
ented matrix hits a twin and is diffracted
once more, or vice versa), and occur at a
deflection from accurate orientation [100],
i.e. when the film is somewhat inclined.
Similar crystallographic investigations were
carried out for a series of pure metals, in
particular, for Ni and Cu [5]. The results
obtained by us conform well to these data
taking into consideration the concentration
influence of components on the formation
of crystalline structure of alloy films. The
oriented growth of the investigated Ni—Cu
alloy thin films starts at T, ~ 373 K (for
Ni/NaCl and Cu/NaCl, these temperatures
are T,=423 K and T, = 293 K, respec-
tively [5]).

The films of Ni—-Cu alloy obtained by
deposition on (001) KBr chip at various sub-
strate temperatures were annealed in vac-
uum together with the substrate up to
673 K (annealing of films on the substrate
at higher temperatures is inexpedient due
to intense sublimation of KBr that results in
damage of the film sample). Annealing of
the alloy films obtained at room tempera-
ture and at T, = 873 K results in a consid-
erable increase of the crystallite size up to
100 nm and more (Fig. 1c,d). Formation of
twins (D in Fig. 1d) is also observed as well
as increase in number of grains are oriented
in parallel with the substrate plane (inset in
Fig. 1d). In films obtained at substrate tem-
peratures of 473 K and 573 K, when being
annealed up to 673 K, in addition to the
growth of grain size up to 200 nm, new
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Fig. 1. Microstructure and electron diffraction patterns of Ni—-Cu alloy films (d = 40 to 59 nm,
Ccy = 24 to 29 at. %) deposited on (001) KBr chips at T, (K): 293 (a, b); 373 (c, d); 473 (e, f); 573
(g, h) for freshly-deposited (left column) and annealed up to 673 K (right column) samples.
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Table. Dependence of galvanomagnetic characteristics of Ni—-Cu alloy films on the deposition

conditions and crystalline structure of samples

d, nm| Cq,, [T, K L, nm

at.%

(AR/Rp), %

(AR/Ry),, % H,, kA/m

After
annealing

Before
annealing

Before
annealing

After
annealing

After
annealing

After
annealing

Before
annealing

Before
annealing

42
59
39

24
27
24

293
373
473

5-10
5-10
50-70

0.08
0.17
0.12

up to 100
up to 150

up to
200
formation
of grains
with L ~
5—-10 nm

41 29 573 | 70-100 up to 0.07

200
formation
of grains
with L ~
5-10 nm

0.18
0.40
0.23

-0.04
-0.07
-0.18

-0.09
-0.40
-0.18

6.5
0.8
1.7

1.1
3.8
1.8

0.07 —-0.06 —-0.06 1.5 1.5

crystallites are also observed to appear of
L~5 to 10 nm (Fig. 1f,h) supplementary
reflexes shown in the corresponding elec-
tron diffraction patterns (insets in Fig.
1f,h) are caused by both twinning and pres-
ence of tetrahedrons consisting of stacking
faults (TDP in Fig. 1h).

Typical dependences of the longitudinal
and transversal MR obtained for the
freshly-condensed films and those annealed
up to 673 K are similar to the data reported
in [3, 6] for Ni films in weak magnetic
fields. The transversal effect of magnetore-
sistance has negative sing, and this is char-
acteristic feature for the component of Ni
alloy [3, 6, 8]. A hysteresis of AR/Ry(H)
dependence is observed for all investigated
samples of Ni—Cu alloys with copper concen-
tration Cg, < 35 at.%; this is due to the
presence of domain structure [3, 7] and
thereby of various mechanisms of conduc-
tivity electron scattering depending on the
value of external magnetic field induction.
As is seen in Table, the values of MR and
coercive force H, depend on both the Cu
concentration and the substrate tempera-
ture at which the films were obtained. The
magnetoresistance of alloy films condensed
at room temperature has been investigated
and stated in detail by us in [2, 9]. The
resulting wvalues of the longitudinal and
transversal MR obtained by us conform
quite well to the values of the respective
quantities obtained in [10] for the Nig;Cuyq
films of various thickness electrodeposited
at room temperature in magnetic fields with
induction up to 0.7 T.
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The value of the coercive force H, con-
siderably lower as compared to the films
obtained on the substrate at room tempera-
ture [2] is a peculiarity of the alloy films
obtained at temperature T, = 873 K. More-
over, the coercive force H, at T, = 373 K is
less than that for the films obtained at
room temperature and then annealed up to
673 K. After annealing of these films, the
MR value increases by a factor of 2 to 3;
the coercive force becomes equal to the H,
for the films condensed at room tempera-
ture and annealed up to 673 K. A similar
situation is also observed for the films ob-
tained at T, =473 K. It should be noted
that after annealing of these samples, the
H_ remains essentially unchanged while the
MR value increases by a factor of 1.5 to 2
as compared to the freshly-condensed films.
For the Ni-=Cu alloy films obtained at T, = 573 K,
neither AR/R, nor H, values are changed
after annealing up to 673 K. Such peculi-
arities in of magnetoresistance and coercive
force behavior of Ni-Cu alloy films con-
densed on substrate at various temperatures
can be explained by specific properties of
the crystal structure (increased grain size,
decrease of imperfection) and magnetic struc-
ture. Increase of the film MR after anneal-
ing, in our opinion, is also connected with the
modification of magnetic anisotropy.

To conclude, it is proved that in Ni—Cu
alloy thin films obtained at various sub-
strate temperatures, the fcc phase with the
crystal lattice parameter az = 0.352—
0.357 nm is observed to be formed within
the whole investigated interval of thickness
(d =385+100 nm) and concentrations
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(Ccy = 10—40 at.%). The samples obtained
at T, =293 K and T, =873 K are charac-
terized by the fine-grain structure with
crystallite sizes of about 5 to 10 nm. The
substrate temperature rise at condensation
up to Ty, =473 K and T, = 573 K results in
formation of crystalline structure with
grains of 50 to 70 nm and of 70 to 100 nm,
respectively. At the same time, the number
of grains grown at preset orientation in-
creases. The annealing of the alloy films
results in increase of crystallite size up to
100-200 nm, depending on the substrate
temperature. A hysteresis of AR/Ry(H) de-
pendence is observed for all investigated
samples of Ni-Cu alloys at copper concentra-
tion of Cg, <385 at.%, and this is due to
the presence of domain structure. The MR
and coercive force H, values depend both on
the alloy composition and on the substrate
temperature at the film deposition.
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Bnaue TemmepaTtypu NiTKJIAAKM HA KPHCTAJIUYHY
CTPYKTYpPY Ta raJibBAHOMATHITHI BJIACTMBOCTI TOHKHX
nmiaisok cmaaBy Ni—Cu

B.B.JIo60oda, C.H .Ilupozoséa, A.I.Canmuxosa

HocaigxkeHno (asoBUUl CKJIaJ, KPHUCTAJIIUYHY CTPYKTYPY Ta MArHITOOMNIpP TOHKUX ILIiBOK
cnaaBy Ni—Cu 3 pisEMMHM TOBIIMHAMH Ta KOHIEHTPAIIAMHN KOMIIOHEHTiB. PO3risHyTO BILINB
TeMIIepaTypyu MigAKJIagKK HaA IIpolleck (POopMyBaHHS KPHCTAJIIUYHOI CTPYKTypu Ta (PasoBUid
CKJaJ IIIBKOBUX CILIaBiB. BCTaHOBNEHO 3aJeXHOCTI BeIMYMHHU MarHiToomopy AR/R, Ta
KoepuuTUBHOL cuau H, Bix TemmepaTypu MiAKJIaTKu.
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