Electrodeposition of Fe—Pt Films with Low
Oxide Content Using an Alkaline Complexing

Electrolyte

Defu Liang, Jonathan J. Mallett,” and Giovanni Zangari*

Department of Materials Science and Engineering and CESE, University of Virginia,

Charlottesville, Virginia 22904-4745

ABSTRACT Electrochemical deposition of equiatomic Fe—Pt from complexing electrolytes provides precise tuning of alloy stoichio-
metry, enables close control of the growth process, and results in limited oxygen incorporation. The films grow epitaxially on oriented
substrates and the low oxygen content favors transformation from the as-deposited cubic to the high anisotropy L1, phase and magnetic
hardening upon thermal annealing at temperatures (400—450 °C) much lower than previously achieved by other plating processes.
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INTRODUCTION

he L1, superlattice phase of equiatomic Fe—Pt is a

highly promising material for magnetic data storage

devices because of its large magnetocrystalline an-
isotropy energy (1). This property would allow the magnetic
nanofeatures envisioned for future patterned hard disk
media or spin torque transfer (STT) MRAM devices to be
stable against spontaneous magnetization reversal and con-
sequent data loss. The desired L1, superlattice structure is
the equilibrium phase of Fe—Pt below 1300 °C, but materi-
als deposited at temperatures below about 400 °C lack the
required degree of long-range order (2) because of the
limited mobility of atomic species during deposition. High-
temperature annealing of up to 650 °C is required to form
the equilibrium phase (3), but this is incompatible with most
polymer-based lithography methods and would likely result
in interdiffusion between different layers of a device struc-
ture. Chemical synthesis and subsequent self-assembly of
nanoparticles (4-6) has also been extensively explored for
media applications but still requires high-temperature an-
nealing to achieve the desired chemical order, which invari-
ably results in sintering of the particles. A low-temperature
deposition method is needed that can maximize the degree
of as-deposited local order, thereby reducing the severity of
any post deposition annealing needed to achieve complete
order. Electrodeposition has the advantage over most depo-
sition methods of allowing material to be deposited close to
the equilibrium condition between atoms in the solid phase
and ions in solution. Under the appropriate conditions, this
can be used to thermodynamically control the composition
and in some cases the crystal structure of the deposit. An
additional advantage of electrodeposition is its ability to
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uniformly fill high aspect ratio template features, with none
of the shadowing problems associated with line-of-sight
vacuum deposition techniques.

However, electrochemical codeposition of Fe with Pt is
challenging. At the very negative potentials required to
deposit Fe, hydrogen gas evolution also occurs and, further-
more, this parasitic reaction is strongly catalyzed at a Pt
(alloy) surface. This can cause local pH shifts that result in
iron hydroxide/oxide incorporation into the deposits. The
negative deposition potential is also problematic for plati-
num deposition from weakly complexing solutions. Under
these conditions, the driving force for Pt reduction reaction
is large, such that the Pt deposition rate becomes limited by
the diffusion of the Pt complex to the growth interface. This
type of diffusion limited growth is well-known to result in
growth instabilities (7), leading to porous films.

An electrodeposition process has been reported (8, 9) that
attempted to mitigate the issues described above by deposit-
ing Fe—Pt at more positive potentials than would be ener-
getically possible for pure Fe deposition. This is due to the
strongly exothermic mixing of Fe and Pt in the alloy and was
described at equilibrium in terms of a regular solution model
of alloying (8). Unfortunately, in the case of Fe—Pt the
positive shift in deposition potential was insufficient to
prevent the incorporation of up to 30 at % oxygen into the
equiatomic alloy (8, 9). High-temperature annealing in
reducing atmosphere was therefore necessary to fully de-
velop the hard magnetic properties of the ordered phase.

In the present study, a growth process that deals with
both the issues of the morphological stability of Pt deposition
and of hydroxide/oxide incorporation is reported. Morpho-
logical stability of Pt deposition is readily achieved by
replacing the weakly complexed Pt(IV) in chloroplatinic acid
previously used for Fe—Pt electrodeposition with the much
stronger amino-nitrite Pt(Il) complex. This stronger com-
plexation allows Pt to be deposited at a rate controlled by
the kinetics of electrochemical reduction, even at the nega-
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tive potentials required for Fe codeposition, and leads to
compact, smooth deposits. The viability of this complex for
pure Pt electrodeposition is now well-established (10), but
its stability is restricted to solutions of pH ranging from
8—10. This presents further challenges with respect to iron
hydroxide precipitation, necessitating strong iron complex-
ation. We show that a combination of citrate and glycine
provides sufficient complexation and pH buffering to drasti-
cally reduce hydroxide precipitation (citrate alone has been
found to be insufficient in this respect (11)). A similar
combination of additives has also been used to successfully
deposit Co-rich Co—Pt alloys (12, 13). Deposition of Fe—Pt
films from a similar electrolyte, adjusted at pH 2.5, was
recently reported (14). However, at the chosen pH and
concentration of complexing agents, the measured oxygen
content was above 20 at %.

EXPERIMENTAL METHODS

The electrolyte used for Fe—Pt electrodeposition contained
Feg(SO4)3 50 mM, Pt(NH3)2(NOz)2 15 mM, (NH4)ZSO4 0.1 M,
NaNO, 0.1 M, NH,CH,COOH 0.15 M, (NH4),CsHcO7 0.15 M (15).
All solutions were adjusted to pH 8 by the addition of potassium
hydroxide. Deposition was performed under quiescent condi-
tions at 75 °C, in a cylindrical cell that was heated using a water
jacket. A Pt-grid counter electrode was used, along with a
saturated sulfate electrode (SSE). The latter was separated from
the main cell using a salt bridge, allowing it to be operated close
to room temperature. Deposition potentials are reported with
respect to a calomel reference electrode (SCE) to facilitate
comparison to previous work (8, 9). All electrochemical experi-
ments were performed in a three-electrode cell using an EG&G
Princeton Applied Research potentiostat-galvanostat model 283.
Fe—Pt films were electrodeposited at constant applied potential
onto 100 nm thick Ru or Cu seed layers that had been sputter
deposited onto the native oxide of Si(100). Cu(200) substrates
were obtained by sputtering Cu onto hydrogen-terminated
Si(100) wafers.

Crystal structure was investigated by X-ray diffraction (XRD),
using a Scintag XDS 2000 diffractometer with Cu K, radiation
(A = 1.5406 A) in the 6/26 geometry. Alloy composition was
determined by an energy-dispersive spectroscopy (EDS) detec-
tor attached to a JEOL JSM-6700F scanning electron microscope.
The oxygen content was measured by Auger electron spectros-
copy (AES, Perkin-Elmer PHI 660 Scanning Auger Multiprobe).
Hysteresis loops were collected using a vibrating sample mag-
netometer (VSM, Lakeshore 7400), both in the plane and
perpendicular geometry, up to 2 T (20 kOe).

RESULTS AND DISCUSSION
[ron is added to the solution in the form of Fe(lll) sulfate,

which is its highest oxidation state. In this way there is no
chance of the iron ions in solution to be further oxidized by
residual dissolved oxygen. The combination of citrate and
glycine added to the solution reduces the concentration of
free Fe>* ions to below the precipitation threshold for iron(111)
hydroxide and provides for solution stability over time. The
electrodeposition of Fe is thought to occur in a two-step
reduction process; Fe(lll) species are reduced to Fe(ll) in the
first step and subsequently further reduced to Fe metal in
the second reaction step. Electrochemical data indicate that
the first step proceeds at a rate that is limited by transport
of Fe(lll) to the electrode from the solution bulk. Under these
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FIGURE 1. Dependence of Fe—Pt film composition on deposition
potential for films deposited from chloride solutions (squares) and
from amino-nitrite/citrate/glycine solutions (circles and triangles).
The solid curve is a subregular solution model fit to the square data
points. The dashed curve was obtained by shifting the solid curve
to fit the other data sets.

conditions, the Fe(lll) concentration near the electrode
surface is depleted by the reaction to almost zero and the
total concentration of Fe(ll) species generated near the
electrode is approximately the same as the bulk concentra-
tion of Fe(lll). Citrate and glycine are also known to complex
Fe?* strongly, reducing the concentration of free Fe?* near
the electrode to well below the total Fe(Il) concentration. This
has the benefit of preventing Fe(Il)hydroxide precipitation.
The second reaction step is thought to occur close to equi-
librium between the Fe(ll) species in the solution near the
electrode and Fe metal in the alloy deposit.

Figure 1 shows the dependence of film composition as
determined by EDS on the applied potential for films de-
posited from the strongly complexing solution (circles and
triangles). These data are compared with published data,
obtained from simple chloride solutions (squares) (8). The
offset of these two data sets is attributed to the shift in the
equilibrium potential of pure Fe resulting from the combined
strength of the citrate (16) and glycine (17) complexation.
This drastically reduces the free Fe?* activity causing a
negative shift in the equilibrium potential for Fe deposition.
The observed potential dependence of the alloy composition
can be explained using a thermodynamic model that incor-
porates the heat of mixing in the alloy deposit, as described
previously (8). A fit to this model was used to produce the
solid curve, taken from ref 8. The dashed curve is the same
as the solid curve, only shifted in potential by 350 mV to
take into account the thermodynamic effect of Fe** com-
plexation by citrate and glycine. Because these curves
assume that Fe deposition occurs close to equilibrium, the
close fit with experiments suggests that the conditions of Fe®/
Fe?* equilibrium are closely followed under the chosen
experimental conditions, except for the Fe-rich films, where
kinetic overpotentials become important. Conditions ap-
proximating an interfacial equilibrium were achieved by
depositing the alloy slowly (between 50—250 nm/h), through
the use of a low Pt concentration. The predictable depen-
dence of composition on applied potential is useful for
ensuring reliable control of stoichiometry. In particular,
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FIGURE 2. XRD data for 100 nm near equiatomic Fe—Pt films
deposited onto Cu (200) from chloride and amino-nitrite/citrate/
glycine solutions.

equiatomic Fe—Pt films were grown at 75 °C, —1.03 Vgcg,
at a rate of 100 nm/h.

The combined effects of strong iron complexation and
buffering reduced the atomic fraction of oxygen in equi-
atomic Fe—Pt films to about 2—4 at % (as estimated by EDS)
or about 6 at % (as determined by AES), compared with up
to 30 at% for films deposited from chloride solutions (8, 9).
The oxide content did not show any dependence on com-
position. This reduction in oxide content has significant
implications for the magnetic properties of the films. Levels
of oxide in excess of 10 % have been found to persist in films
prepared by previous methods, even after annealing in pure
hydrogen for extended periods at 600 °C (18).

Depositing Pt from the stronger amino-nitrite complex
also has beneficial effects on the growth control of as-
deposited films. Figure 2 shows XRD data for 100 nm thick
films of near-equiatomic Fe—Pt deposited onto Cu (200)
substrates from the amino-nitrite/citrate/glycine solution and
from a simple chloride solution. The as-deposited films
exhibit a face-centered cubic FCC structure. The most obvi-
ous difference is the strong (200) texture in the case of the
former compared with the (111) texture of the latter. It is
also notable that the coherence length obtained for the
chloride solution using the Scherrer equation was 2.9 nm
compared with 4.2 nm for the amino-nitrite/citrate/glycine
solution. This (200) texture is useful for device applications
that require perpendicular anisotropy, but has not before
been realized in as-deposited electroplated films.

Figure 3 shows the effect upon the crystal structure and
magnetic properties of annealing 100 nm thick near-equi-
atomic Fe—Pt films deposited onto unoriented Ru substrates
from the amino-nitrite/citrate/glycine solution. (These sub-
strates were chosen for the annealing study rather than the
Cu (100) to avoid known issues of silicide formation by
interdiffusion of the film and substrate.) The annealing was
performed in forming gas (5% H, and 95% Ar), for 60 min,
first at 400 °C and then at 450 °C. Magnetic hardening is
observed to occur in correspondence with phase transfor-
mation from the as-deposited FCC to the equilibrium L1,
phase at 400 °C, as detected by the splitting of the (200)
and (002) peaks and by the presence of the superlattice (001)
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FIGURE 3. (a) XRD data and (b) magnetic hysteresis curves for as-
deposited and annealed near-equiatomic Fe—Pt films, 100 nm thick.

peak, and to fully develop already at 450 °C. The coercivity
of 13.8 kOe is to our knowledge the highest reported for any
electrodeposited material, and the measured magnetic mo-
ment of about 1.1 T (77% of the bulk value, slightly de-
creased upon annealing) suggests low porosity and limited
incorporation of nonmagnetic matter. This annealing tem-
perature is about 200 °C lower than was required to achieve
similar coercivities in films produced by other plating meth-
ods. This is very promising from the point of view of device
fabrication, because it may minimize damage to template
structures, seed layers, or microstructure.

CONCLUSION
Fe—Pt films were electrodeposited from a complexing

amino-nitrite/citrate/glycine electrolyte under kinetic control
for Pt reduction and near equilibrium conditions for Fe
reduction, ensuring reliable control of alloy composition and
limiting oxygen content in equiatomic films to 5—7 at %.
The slow deposition kinetics favors epitaxial growth of Fe—Pt
films onto oriented templates, and the low oxygen content
facilitates phase transformation and magnetic hardening
upon thermal annealing at 400—450 °C in forming gas. The
combination of near-room-temperature deposition, fine com-
position control, reduced oxide content, texture control, and
reduced annealing temperature for ordering, recommends the
present technique for magnetic device applications.
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Supporting Information Available: Electrochemical and
electrochemical quartz crystal microbalance data for Pt and
Fe deposition, and atomic force microscopy images for
equiatomic Fe—Pt films deposited from acidic chloride and
amino-nitrite/citrate/glycine electrolytes. This material is
available free of charge via the Internet at http://pubs.acs.

org.
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