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Laser ablation was used in a vapor quenching method to deposit thin Ag-Ni films at room tempera-
ture. The films contained substantial amounts of a polycrystalline nonequilibrium Ag.Ni;—x solid solu-
tion, as evidenced by x-ray and electron diffraction. The unusually high degree of supersaturation at-
tained (up to 44 at.% Ag) has not been observed before for a system exhibiting such a strong demixing
behavior. The x-ray diffraction sinZy method was employed to determine the strain-free lattice parame-
ter of the solid solution. The solid solution decomposed by heating the film.

PACS numbers: 81.15.Ef, 61.10.—i, 64.75.+¢g

Laser ablation deposition (LAD) was used to grow thin
films of a variety of materials [1]. This physical vapor
deposition technique owes its interest to the following
characteristics. Laser ablation is possible for many ma-
terials, because most materials turn optically opaque due
to high-power laser radiation-induced optical breakdown
[2]. Laser ablation proceeds congruently [3], that is,
none of the constituent elements of the target vaporizes
preferentially. This can result in the deposition of a film
with a composition equal to that of the target; however,
this is not always the case [4,5]. LAD is associated with
a very high quenching rate and a very high instantaneous
deposition rate. The quenching rate is of the same order
of magnitude as in the case of sputter deposition (~10°
Ks ™! [6]), because the kinetic energies of laser ablated
species [1,2] are of the same order of magnitude as those
of sputtered species [6]. The instantaneous growth rate
during LAD (~8%10 ~3 nm per laser pulse, correspond-
ing to ~800 nms ! [5]), however, is substantially higher
than the growth rate during sputter deposition (~10
nms ™! [6]). These properties were used here to form
polycrystalline Ag,Ni;—, solid solutions of a very high
degree of supersaturation, which has not been reported
before. Note that the equilibrium Ag-Ni phase diagram
[7] shows that distinct solid solubility of either Ag in Ni
or Ni in Ag cannot occur.

Upon quenching atoms in a state of high mobility, they
can be “frozen” into unconventional positions and a ther-
modynamically metastable, or unstable, phase can devel-
op [8]. Thus, the formation of nonequilibrium phases can
be realized. In a mixture of atoms of more than one ele-
ment, solid solubility limits may be surpassed and a su-
persaturated alloy may be formed [9,10]. Two well
known rapid quenching methods are the liquid quenching
method [9], as melt spinning [11] and pulsed laser sur-
face alloying [12], and the vapor quenching method [6],
including, for example, sputter deposition [13].

A liquid quenching method cannot be used to form a
concentrated crystalline Ag,Ni; — solid solution, because
Ag and Ni are mutually insoluble not only in the solid
state, but also in the liquid state [7]. Then a vapor

quenching method may be utilized to form such alloys.
Thus far, sputter deposition and coevaporation of Ag and
Ni on liquid-nitrogen cooled substrates have been used to
form concentrated amorphous AgxNi;—, alloys [13-15].
Now, this Letter reports the preparation of crystalline
concentrated Ag,Ni;— solid solutions, with Ag contents
of up to 44 at. %, by employing LAD.

The experimental setup and procedures are described
only briefly here; for more details, see [S]. Target materi-
al was ablated and deposited on substrates in a turbo-
molecular-pumped processing chamber with a base pres-
sure of about 5% 10 ~% mbar. Because of the nonmiscibil-
ity of liquid Ag and Ni, the Ag-Ni targets could not be
prepared by arc melting. Instead, they were made by
cold-pressing pure Ag and pure Ni powder mixtures into
pellets. The composition of the targets was determined
with x-ray fluorescence (XRF); the target compositions
were 25Ag-75Ni, 50Ag-50Ni, 75Ag-25Ni, and 90Ag-
10Ni, where the numbers indicate the atomic percentages
of the constituent elements. To limit target degradation,
the targets were rotated during ablation. The targets
were ablated by laser pulses (wavelength: 193 nm; pulse
width: 15 ns) from an ArF excimer laser operating at 10
Hz. The fluence (energy per unit area per pulse) used
was approximately 6.0 Jem ~2; fluences of about 3.0 and
7.5 Jem 72 yielded similar results. The deposition rate
for a fluence of 6.0 Jcm ~2 was about 8 pm per laser
pulse. The substrates were Si(100) slabs covered with a
thermally grown 500-nm-thick silicon oxide film. During
deposition the substrates were at room temperature. To
obtain films with a homogeneous thickness, the substrates
were moved in a scanning mode parallel to the targets
through the laser-produced plasmas. The thicknesses of
the films deposited were 100 and 500 nm. The gross
compositions of the films were determined using XRF.

Identification of the phases in the thin films was
achieved by x-ray diffraction (XRD) analysis. Diffrac-
tion patterns were recorded from 26=10° to 160° on a
diffractometer employing Cu Ka radiation. From the
Bragg angles of the reflections of the phases the lattice
parameters of the phases present can be determined.
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FIG. 1. Definition of the Euler angles ¢ and y and of the
principal stress components with respect to the specimen sur-
face.

However, if the thin film considered is stressed, the lattice
spacings measured from the peak positions are affected
by the (residual) stress present. To assess the magnitude
of this effect and in order to perform an appropriate
correction the so-called XRD sin’y method [16] was
used to determine the state of stress. This method allows
determination of a strain-free lattice spacing as follows.

For the thin films considered a biaxial state of stress is
expected with the principal stresses o, and o, equal to
each other and parallel to the film surface. The lattice
spacing d, in a direction defined by the Euler angle y
with respect to the sample reference frame, as shown in
Fig. 1, obeys (with oy=0|=03)

dy=do+2Sdooi+ 1 Sadooysin’y, ()

where y is the angle between the normal of the diffrac-
ting set of lattice planes (hk/) and the normal of the
specimen surface, S| and § S, are the so-called x-ray
elastic constants, and d is the strain-free lattice spacing.
Thus, a plot of d,, vs sin?y should provide a straight line.
From its slope a value of o) can be obtained, provided
1S, and dg are known. An accurate value for oy can be
obtained by replacing do in the expression for the slope
by the experimental d, =, as the latter does not deviate
from do by more than 1%. From Eq. (1) it follows that
there exists a unique direction () for which dy=dg:

sinyo=—281/%S>. 2)

Hence, interpolation in the plot of d, vs sin?y at y=uyyp
provides a value for the strain-free spacing d.

For Ag,Ni,—, solid solutions 2S5, and +S, are un-
known. Therefore, here the estimates S;=—v/E and
+S2=0+v)/E will be applied, where v and E are the
Poisson’s ratio and the Young’s modulus of the film ma-
terial, respectively [16]; the respective linear composition
weighted values for 26Ag-74Ni (see below) are 0.35 and
1.70 GPa (using data for v and E from [17]).

This method was applied to Ag,Ni;—. {222} line pro-
files measured on a diffractometer employing Cu Ka radi-
ation, from 20=91.0° to 94.0°, at y =0° and 39.23°.

XRD patterns taken from fresh target surfaces showed
that the targets were polycrystalline and composed of
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FIG. 2. (a) An XRD pattern of a 100-nm-thick 26Ag-74Ni
film, showing a prominent {111} reflection of a Ag,Ni;-x solid
solution. (b) An XRD pattern of the 100-nm-thick 26Ag-74Ni
film that was heated to 673 K at a rate of 1 Kmin~'. The
AgxNij—x {111} reflection has disappeared in favor of the pure
Ag and pure Ni reflections, indicating that the solid solution has
decomposed by the heat treatment. The Si {200} reflection in
both diffraction patterns originated from the Si (100) substrate.

pure Ag and pure Ni grains, as expected. Patterns of tar-
get surfaces that had been subjected to prolonged laser ir-
radiation were identical to those of the fresh targets. No
reflections of additional phases were discernable. Al-
though the depth of a laser-produced melt in a metal tar-
get is limited to only several tens of nanometers [3], the
surface sensitive XRD method employed would detect
phases that might have been formed by laser-induced al-
loying. Hence, significant surface alloying did not take
place. It is concluded that the irradiated material was
not mixed (as in a solid solution) before it was ablated to
form a plasma.

The gross composition of the films grown by ablation of
the 25Ag-75Ni, 50Ag-50Ni, 75Ag-25Ni, and 90Ag-10Ni
targets were 14Ag-86Ni, 26Ag-74Ni, 44Ag-56Ni, and
78Ag-22Ni, respectively (XRF analysis). The fact that
the overall film compositions were not equal to the target
compositions can be ascribed to preferential reflection of
ablated Ag species at the growing film surfaces [S].

An XRD pattern of a 26Ag-74Ni film produced by
LAD is shown in Fig. 2(a). The film was polycrystalline,
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FIG. 3. The resistance R of the 100-nm-thick 26Ag-74Ni
film as a function of temperature during heating the specimen

from room temperature to 673 K at a rate of 1 Kmin ~".

but not composed of a single phase. In addition to
reflections originating from pure Ag and pure Ni, the
diffractogram shows a prominent reflection at a Bragg
angle of approximately 40° that can be interpreted as the
{111} reflection of an fcc phase with a lattice parameter in
between those of pure Ag and pure Ni. Other (weak)
reflections of this phase could be observed too. These re-
sults were confirmed by electron diffraction analysis. The
fcc phase was identified as a AgyNi; - solid solution. To
our knowledge, this is the first time that the formation of
such a nonequilibrium phase (at room temperature) is re-
ported.

The 26Ag-74Ni film was heated in vacuum at about
107 mbar to a temperature of 673 K at a rate of 1
K min ~'. The XRD pattern recorded thereafter is shown
in Fig. 2(b). Clearly, by heating the reflection of the
solid solution disappeared entirely and the reflections of
pure Ag and pure Ni gained intensity. Hence, the heat
treatment applied led to decomposition of the solid solu-
tion into pure Ag and pure Ni. In view of the equilibrium
Ag-Ni phase diagram, this result is compatible with the
earlier conclusion that a crystalline supersaturated Agy-
Ni; — solid solution was formed by LAD.

During the above described vacuum heat treatment the
resistance of the film was measured as a function of the
film temperature by a four-point probe method. The re-
sult is shown in Fig. 3. Starting at a value of about 1.9 Q
at room temperature the resistance increases to a max-
imum value of approximately 2.3 @ at 423 K. This
resembles a normal resistance behavior of crystalline me-
tallic materials. On continued heating the resistance de-
creases to about 1.3 @ at 673 K. This is ascribed to
decomposition of the solid solution: The resistance de-
creases as the amounts of pure Ag and pure Ni increase,
because the resistivities of pure elements are substantially
lower than that of a corresponding solid solution [18].

Application of the sin’y analysis, as described above,

3118

a (10 ! nm)

0 20 40 60 80 100
Ag content in film (at.%)

FIG. 4. The lattice parameter of the AgyNi;—, solid solu-
tion, a, as a function of the gross Ag content of the film. The
as-measured, strained values are shown for the 14Ag-86Ni,
26Ag-74Ni, 44Ag-56Ni, and 78Ag-22Ni films (®). The value
after correction for the presence of residual stress (see text) is
shown for the 26Ag-74Ni film (O). The straight line represents
the lattice parameters that can be expected according to
Vegard's law.

yielded the following results for the stress parallel to the
surface, oy, and the strain-free lattice parameter, ag, of
the Ag,Nij—, solid solution of the 26Ag-74Ni film:
01=0.21 GPa and ag=3.6915 A. The effect of preferred
orientation can be assessed for this case of a (111) fiber
texture assuming the Reuss model for grain interaction
and using the formulas of Ref. [19]. Then it follows that
the value of the stress could be 25% smaller. Discussion
of the value of the stress is beyond the scope of this Letter
(see [5]). The value of the strain-free lattice parameter
can be used to assess the composition of the solid solution.
Literature values of the lattice parameters of pure Ag
and pure Ni [20] are shown in a plot of the lattice param-
eter versus the Ag content in Fig. 4. The straight line
connecting these data points represents the lattice param-
eter values predicted for the (metastable) solid solutions
if Vegard’s law prevails [21]. A lattice parameter for a
metastable Ag,Ni; — solid solution has not been present-
ed until now.

The strain-free lattice parameter of the AgyNij—y
solid solution of the 26Ag-74Ni film, which was presented
above, as well as the strained lattice parameters of the
AgxNij -, solid solutions of this film and of the other
films produced in this work have been plotted too in Fig.
4, at values of the Ag content equal to the gross Ag con-
tent of the film. Also considering the (modest) effect of
the correction for the residual stress, it follows from these
data that fair agreement occurs with the Vegard predic-
tion. Hence, the average composition of the supersaturat-
ed solid solution phases in the films is approximately
equal to the gross composition of the films.

The significant line broadening observed for the reflec-
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tions from the solid solution, as compared to the reflec-
tions from the pure elemental components [Fig. 2(a)l,
can be interpreted as being caused by nonhomogeneity of
the solid solution and the occurrence of microstrain and a
very small crystallite size [5]. This effect can explain in
particular the scatter in the data points shown in Fig. 4.

It is concluded that crystalline Ag,Ni;—, solid solu-
tions can be produced (at room temperature) by laser ab-
lation deposition up to at least 44 at.% Ag, whereas the
equilibrium solid solubility is negligible.
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