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Abstract CoFe and low phosphorus containing (<4 at.%)
CoFeP alloy films were electrodeposited from NaH,PO,
containing solutions at pH 4 on copper substrates under
galvanostatic conditions. At the low phosphorus composi-
tion, nanocrystalline CoFeP alloy films are formed. The
structure, composition and morphology of the thin films
were studied using X-ray diffraction, energy dispersive
spectroscopy and atomic force microscopy. The magnetic
properties of the film were studied using superconducting
quantum interference device magnetometer. The thin film
performance features were explained on the basis of
microstructural features developed during deposition.
Whereas the electrodeposited CoFe alloy thin film
exhibited mixed hcp and fce phase structure in the absence
of phosphorus, the low phosphorus containing thin film
exhibited an increasing mixed bec and hep phase structure
as its phosphorus content increases, showing modification
in the grain size morphology and magnetic properties. In
addition to applied current, the amount of P co-deposited in
CoFeP alloy depends on the concentration of NaH,PO,
source in the bath. Qualitative analysis of the Tafel slope of
CoFe and CoFeP deposition suggests that the presence of P
in the CoFe deposit does not affect the mechanism of
anomalous deposition of Co and Fe, thereby suggesting that
CoFeP deposition is anomalous.
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Introduction

The use of nanostructured films makes possible the
development of new kinds of electronic, optoelectronic
and magnetic microelectromechanical systems (MEMS)
devices. Examples of such nanostructured thin films
include permalloy that may be used for micromagnetic
sensor (read/write head), microactuators and frictionless
microgears. The explosion in information generation,
exchange and storage has necessitated the need for higher
recording density greater than the current 100 Gbits/in.
Before the recent rise in demand for large information
storage and exchange, permalloy was satisfactorily used for
thin film heads because of its high saturation magnetic
induction, high permeability and low coercivity. However,
with a steady increase in both the magnetic recording
density requirement (>100 Gbits/in®) and coercivity (H) of
recording media, it has become apparent that the saturation
magnetic induction (B;) of permalloy film may not provide
enough magnetic field intensity to write transitions in high
coercive media. Therefore, ferromagnetic thin film that can
be potentially applied as micromagnetic sensor reading
heads and capable of generating stronger magnetic field
than permalloy is needed. Similarly for microactuators
application, Co and its alloys are known to have advantage
over permalloy. CoFe alloy was one of the ferromagnetic
thin films earlier identified as a possible replacement for
permalloy [1, 2]. Although CoFe alloy has high magnetic
saturation (M), it has poor corrosion resistance and low
electrical resistivity. Several approaches have been utilized
to ameliorate the shortcomings of CoFe. These methods
include the addition of a third and fourth elements, the
variation in the composition of Fe and amount of bec phase
in the alloy [3]. Variation of Fe composition and the amount
of bee phase in the nanocomposite CoFe alloy can be used
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to control its saturation induction (Bg). The addition of a
third element in CoFe alloy can improve its electrical,
magnetic and corrosion properties. Chang et al. [4]
developed CoFeCu with soft magnetic properties, whereas
CoFeCr alloy with improved corrosion resistance was
reported in [5, 6]. Takai et al. [7] reported the preparation
of soft magnetic alloys based on amorphous CoFeP.
Hironaka and Uedaira [8] studied amorphous CoFeP and
CoFeSnP alloys electroplated by pulse-plating technique.
They found that the addition of P (>11%) into CoFe alloy
reduces its saturation magnetization substantially. The
addition of Sn (of about 7 wt.%) improves the corrosion
resistance of the CoFeP alloys. Gigandet et al. [9] studied
the influence of Cu addition on the corrosion properties of
CoFe and found that copper improves the passivation
ability of the CoFeCu alloys up to 2.7%. Kim et al. [10]
conducted systematic studies of NiCo and CoFe thin films,
relating their magnetic properties with film composition,
grain size and crystal structure. In an earlier report, the
influence of phosphorus composition on the magnetic and
structural properties of CoFeP thin films was discussed
[11].

The functional properties of CoFeP alloy depend on its
composition. At P>11.0 wt.%, CoFeP alloy is amorphous
[7] with characteristic properties. This suggests that with
P<11.0 wt.%, it is possible for the CoFeP alloy to exhibit
performance characteristics different from the amorphous
thin film. The film composition is determined by the plating
variables. Hence, the development, control and manufacture
of CoFeP thin film alloys capable of meeting magnetic
recording and MEMS needs of the future will benefit from
an understanding of the relationship between the plating
variables and the deposited film properties. Bertazzoli and
Pletcher [12] showed that the composition of the CoFe
alloy is mainly determined by the ratio of Fe(II)/Co(Il) in
solution. Lallemand et al. [13] examined the influence of
organic additives on the kinetics and structure of CoFe
deposition.

The literature on CoFeP alloy thin film electrodeposition
documents mostly amorphous alloy films of high P content
(=11%) whose magnetic properties are not measured with a
superconducting quantum interference device (SQUID)
magnetometer. There has not been a thorough examination
of magnetic properties of CoFeP at low phosphorus content
as has been done for nickel-containing alloys [10, 14, 15].
Rather, in most discussions of CoFeP alloy properties, the
extrapolation of the behavior of CoNiP to CoFeP is often
assumed and adopted. Although justifiable for the amor-
phous phase (P>11 at.%), the extrapolation may not
necessarily be true for the microcrystalline phase judging
from the behavior of the binary alloys CoP, NiP and FeP
when they transition from microcrystalline to amorphous
phase [16]. Myung et al. [15] observed that for low
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phosphorus concentrations in the bath and the alloy,
nickel-containing alloys of CoP only show increase in
coercivity with increasing amount of P in the alloy only.
This behavior for coercivity occurs for low P concentra-
tions in the bath until the coercivity reaches a maximum,
whereupon it decreases with increasing P content. Funda-
mental interest in understanding the relation between the
magnetic and structural properties of the binary alloys FeP
and CoP [17-20] exists. Extension of interest in the binary
alloys to understanding the CoFeP system is a natural
evolution of knowledge. Magnetic properties being ex-
trinsic properties and thus influenced only by film
composition suggest that manipulation of factors that
influence film composition can be utilized as a tool in
fabricating thin films of requisite magnetic properties. The
factors that can affect these magnetic properties include
grain size, stress, crystal structure, surface roughness and
film thickness.

In this work, we present a study of the properties of a
low phosphorus containing microcrystalline CoFeP alloy
thin film prepared under diffusion- and migration-limited
conditions at a constant pH 4 and magnetic measurement
conducted with SQUID magnetometer. Some special
magnetic sensor applications and MEMS require CoFeP
thin film of very low phosphorus content. Unlike previous
works that examined the electrodeposition of amorphous
CoFeP thin film, the present work examines only
microcrystalline CoFeP alloy composition (P<4%). In
addition, we qualitatively examine the anomalous mech-
anism of CoFe deposition in the presence of co-deposited
phosphorus.

Materials and methods

Water from a Milli-Q water purification system and
analytical grade chemicals (Fisher Chemicals) were used
in the preparation of electrodeposition solutions. A freshly
prepared stock solution of 0.5 M boric acid and 0.5 M
sodium sulfate was used in the preparation of the plating
solutions. Solutions were adjusted to pH 4 and deoxygen-
ated with N, before each experiment. The experiments were
conducted at room temperature with nitrogen passing over
the solution during the experimental runs. The solution was
not stirred, and thus, mass transfer was purely by diffusion
and migration. All the solutions contained 0.5 or 0.1 M
CoCl,'6H,0, 0.1 M FeSO47H,0 and varying amounts of
sodium hypophosphite as the source of phosphorus. To
achieve thin films of low phosphorus content, sodium
hypophosphite was used as the source for phosphorus.
Unlike phosphate ion, hypophosphite ions provided low
phosphorus content under the experimental conditions used in
this work. Moreover, unlike the reduction in hypophosphite
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that involves transfer of one electron, the reduction in
phosphite and phosphate ions involves the transfer of
multiple (three and five, respectively) electrons. Although
a known reducing agent for electroless deposition, hypo-
phosphite ion was not used as a reducing agent under the
plating conditions (pH and temperature) used in this work.
All metallic reductions occurred through electrochemical
route, as no deposition was observed in the absence of
applied current.

Cyclic voltammetric studies were carried out in a three-
electrode cell. The working electrode was a stationary
glassy carbon disc (0.071 cm?®) with a platinum wire
counter electrode. Ag/AgCl reference electrode was used.
Cyclic voltammograms were recorded for solutions of Co
(II), Fe(IT) and their mixtures with sodium hypophosphite at
a potential scan rate of 20 mV/s. The scan rate of 20 mV/s
was chosen because it yielded the most reproducible results
for all the conditions examined.

For the electrodeposition experiments, copper plates
were used. After cleaning with acetone, the copper surface
was etched in 20 vol.% (v/o) HNOj solution, weighed and
insulated with Scotch tape to define an effective surface
area for plating. Galvanostatic deposition was carried out
with a Solartron potentiostat/galvanostat (Model 1270) at
current densities of 5-25 mA/cm?® and for periods of 180—
300 s. The experiments were repeated three times at each
current density, and some of the results presented depict
average of three experiments conducted at the same
operating conditions. The thickness of the deposit was
estimated gravimetrically.

To obtain detailed information about the surface mor-
phology of the films such as grain size structure and
roughness of the alloy deposit, the samples were analyzed
using a contact/tapping mode atomic force microscopy
(AFM; Digital Instruments, Model: Dimension 3000). All
the samples were studied in air, and the surface of the alloy
deposit was scanned with etched silicon tapping probes,
whereas the alloy composition was determined by scanning
electron microscopy with energy dispersive spectroscopy
(EDS) analyses using the scanning electron microscope
(JEOL-JSM 840A). The EDS analyses were performed
operating at 15 kV. For the crystal structure and grain size,
X-ray diffraction (XRD) studies using Co K, radiation
(A =1.5406 A) were carried out using Philip’s X-ray
diffractometer (Philip’s, X Pert) at an operating voltage of
45 kV and current of 40 mA. The XRD was scanned from
26 position 10° to 26 position 90° with a step-size of 0.02°
and a time per step of 0.5 s. The magnetic measurements of
the thin films were carried out at 300 K using Quantum
Design (MPMS) SQUID magnetometer in fields up to 5 T.
The magnetometer has a sensitivity of 107 emu, and the
external field H was applied parallel to the deposited film
plane.

Results and discussion
Electrochemical bath characterization

The cyclic voltammograms on glassy carbon electrode of
solutions containing Co(Il), Fe(Il) and their mixtures with
phosphorus are shown in Fig. 1. Figure la shows the
voltammograms for two different solutions. One solution
contains 0.5 M cobalt (IT) and the other contains 0.1 M iron
(II). For the cobalt solution, the cathodic current increased
rapidly after —1.1 V (vs Ag/AgCl), towards a peak value.
After passing through the cathodic peak, the cathodic current
decreased smoothly to zero after which an anodic current is
initiated. This anodic current peaked at —0.62 V. Except for a
slight shoulder towards the tail end of the anodic i—F curve,
no multiple anodic stripping peaks was observed for the
experimental conditions contrary to the report in [21]. A
similar trend is observed for iron solution, except that the
cathodic current increased rapidly at —1.3 V, and the anodic
peak current occurred at a more negative potential (—0.9 V)
than the cobalt. The cyclic voltammetry (CV) shows that
formation of iron requires a more negative potential than for
cobalt. This is expected, as cobalt is noble to iron. On the
other hand, when both ions are present (Fig. 1b), we observe
a single anodic stripping peak at —0.73 V. A single anodic
peak for the alloy suggests either the dissolution of the
binary alloy occurs simultaneously, or the dissolution of Fe
and Co in the binary alloy proceeds very close to each other.
The CVs of the individual metals and their alloy (Fig. 1a,b)
follow the same general trend. Because the shape of the i—E£
characteristic reflects the kinetics of the metal/metal ion
couple, qualitatively, it suggests then that the mechanism of
the major electrode reactions in the alloy deposition could be
similar as in the individual metal deposition with little or no
competing hydrogen evolution. This is in agreement with the
widely accepted multi-step reaction-plating model of Bockris
[22] for the electrodeposition of all iron-group metals. It is
also observed that the addition of Fe** to cobalt solution
causes a negative shift in the deposition potential of cobalt.
This means that the addition of Fe*" inhibits Co deposition
and consequently changes the mechanism of Co deposition
[23-26]. This is characteristic of anomalous co-deposition
[23], although the degree of anomalous behavior here is
lower than that observed in CoNi co-deposition. Based on
our results and data from reference [12], it qualitatively
suggests an anomalous co-deposition mechanism for CoFe
in which the mechanism for the more noble species changes
in the presence of the less noble species [23]. A feature of
anomalous behavior exhibited here is that ratio of Fe/Co in
the alloy is higher than in the solution (see below). As
reported in reference [12], the Fe/Co ratio in the alloy is
much higher at lower Fe** concentration in the solution.
Similar to the models of Matlosz [26] and Zech et al. [24],
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we postulate that in the absence of iron, cobalt follows the
hydrated ion mechanism (three steps) involving adsorption
and desorption:

Co*" 4+ 2H,0 < CoOH' + H;0" (1)
CoOH"Y + M + e < Co(OH) ... Mygs (2)
Co(OH) ... Mys +e < Co+OH + M (3)

where Co(OH) - - - Mg refers to adsorbed cobalt hydroxide
on site M and step 3 is the rate determining step. However,
in the presence of iron [though Co(OH)" may be formed],
cobalt reacts through the divalent species (see Eq. 4), which
does not adsorb on the electrode. This argument is unlike
the approach used in models of references [24] and [26]:

Co*™ +2e < Co (4)
Fe(OH)" + M + e < Fe(OH) ... My (5)
Fe(OH)...Mys+e < Fe+OH +M (6)

Here, Co”" competes for vacant sites with the hydrated
iron, [Fe(OH)"] whose mechanism is not affected by the
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presence of cobalt. The rate-determining step is then step 4.
Qualitatively, this line of argument is supported by the data
in [12] in which a Tafel slope of 120 mV (a=0.5, n=1) is
obtained for cobalt alone and a slope of 60 mV (a=0.5, n=
2) when iron is present. The results in reference [12], like
present analysis, were obtained with glassy carbon electro-
des for which hydrogen has high evolution overpotential.
Further, the postulated model of consecutive reaction
mechanism and blocking of surface by adsorbed species is
similar to those proposed by a number of authors [23-26].

The existence of hydrated cobalt and iron species in
aqueous solution of 0.5 M sodium sulfate and 0.5 M boric
acid adjusted to pH 4 (used in this work) is supported by a
comparison of the standard potentials of both Co®" and
Fe** found in the literature vs the values obtained in the
medium of present work [27]. The calculated standard
potentials of —0.49 and —0.62 V vs Ag/AgCl for Co/Co*"
(0.5 M) and Fe/Fe*" (0.5 M), respectively, differ from the
values found for the solutions of the single metal ions in
this work at —0.53 V for Co/Co>" and —0.99 V for Fe/Fe*".
It is clear from these values that both Co*" and Fe" are
complexed in the medium of the experiments and justifies
the postulation of the existence of hydrated ions. The
speciation of cobalt (or iron) is primarily regulated by pH
and the concentration of chelating agents. At neutral or
slightly above neutral pH, Co exists as free Co”" sulfate. At
very low pH, cobalt is oxidized to the trivalent cobalt and is
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usually associated with iron and primarily taken into
solution.

In addition to the above, the primary question of interest
should be: “Is CoFeP deposition anomalous?” That is, does
the presence of P and its co-deposition with CoFe to form
CoFeP alloy change the anomalous mechanism of CoFe
deposition? This question has not been examined in the
literature. Probably, the assumption is that the presence of P
does not alter the mechanism of CoFe deposition. For the
present work, the effect of phosphorus on the mechanism of
the CoFeP alloy deposition is qualitatively examined by
evaluating the linear Tafel slope (2.303RT/an,F). Potential
range chosen occurs during the rising portion of i vs E
deposition curve. In this potential range, metal deposition is
actively taking place, and the slopes correspond to all the
electrochemical processes occurring on the surface of the
electrode. The log i vs E plots show linear regions with
negative slopes ranging from 52 to 60 mV/decade for the
Co deposition to a range of 80 to 120 mV/decade for the
binary deposition in presence of phosphorus ions. Although
the Tafel slope for CoFe deposition obtained in this work is
greater than 60, however. contrary to the results in [12], the
Tafel slope was lower than 120 mV/decade. The average
Tafel slope values obtained are summarized in Table 1. The
hypothesis of a mechanism change when Co and Fe are co-
deposited is supported by the results in Table 1. In support
of anomalous behavior, Table 1 also shows that the ratio of
Fe/Co in the alloy is higher than in the solution even when
P was present. Further, one would have expected the
inclusion of phosphorus (co-deposition) with CoFe alloy to
affect the alloy deposition mechanism; however, Table 1
results suggest that the presence of phosphorus appears not
to affect the mechanism of CoFe alloy electrodeposition.
The value of the transfer coefficient corresponding to the
slopes calculated for Co (52 mV/decade) and Fe (60 mV/
decade) is 0.57 and 0.5, respectively. For the CoFe
containing species (including the phosphorus containing
ones), the transfer coefficient ranges from 0.6 to 0.88
suggesting multiple-electron transfer process.

Table 1 Tafel slopes obtained for different baths and Fe/Co ratio in
support of a mechanism change when Co and Fe are co-deposited

Species Tafel slope=— 2'2?% Fe/Co ratio
in alloy

Co 52 -

Fe 60 -

CoFe 67 0.239
CoFeP (1 g/l hypo) 100 0.300
CoFeP (100 g/l hypo) 87 0.303
Solution - 0.190?

*Fe/Co ratio in the electrolyte bath

Figure 1c shows the voltammograms obtained when
phosphorus is included in the mixed solution of Co(II) and
Fe(Il). The key points are that the onset potential for CoFeP
deposition on glassy carbon electrode is around —1.1 V, and
the areas under the cathodic and anodic peaks decreased
with increase in hypophosphite ion concentration. The
onset potential for deposition of the CoFeP alloy is similar
to the value obtained in the absence of phosphorus,
suggesting that the presence of phosphorus does not change
the reaction mechanism associated with binary alloy. The
arca difference with increase in hypophosphite con-
centration suggests that the phosphorus may be adsorbed
on the electrode surface before being co-deposited. The
anodic peak current is slightly more noble in the solution
containing the higher hypophosphite concentration (cf. —0.7
and —0.66 V).

Although the overall shape of the i—E characteristic
curve for CoFeP is similar to that obtained for the single
metal ions, Fig. 1d suggests the presence of competing
cathodic process during the scan in the negative direction.
Unlike the single metal voltammograms that follow the
zero current potential before the initiation of metal
deposition, some cathodic currents existed before metal
deposition in the presence of P. The cathodic current could
have been double-layer charging (non-faradaic current) or
faradaic current due to unknown competing reactions. The
cause or nature of the small cathodic current was not
pursued in this work, as it did not appear to have affected
the mechanism of reactions of interest.

Microstructural studies

The AFM 3D images of the surface of galvanostatically
(10 mA cm ?) deposited thin films of CoFe and CoFeP
alloys are depicted in Fig. 2. The figures consist of
aggregates of grains of different sizes randomly dissemi-
nated over the sample surfaces. However, the surface layers
of the three images differ in some respects. Figure 2a shows
that the CoFe sample exhibits aggregates of rounded top.
Relative to Fig. 2b,c, the size distributions of the aggregates
in Fig. 2a are more uniformly distributed. Unlike Fig. 2a,
the aggregate grains of Fig. 2b are distributed less
uniformly (that is, the size differences between the large
and small grains of sample are more pronounced), and these
aggregates exhibit a needle-like (columnar) appearance.
Although grains of Fig. 2¢ exhibit sharp top needle-like
aggregates, these needle-like aggregates are sharper and
thinner than those found in Fig. 2b. Also, Fig. 2¢ grains are
less uniform in terms of size distribution. The three samples
in Fig. 2 differ by the amount of phosphorus in their
composition. Whereas the bath of Fig. 2a did not contain
any phosphorus, the bath from which sample 2b was
obtained contained 1 g/l hypophosphite (<1.3 at.% P),
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Fig. 2 AFM 3-D images of CoFeP alloy electrodeposited on a copper substrate at 10 mA/cm?. Conditions are: a 0.5 M Co(I[)+0.1 M Fe(II),
b 0.5 M Co(II)+0.1 M Fe(II)+1 g/l hypophosphite and ¢ 0.5 M Co(II)+0.1 M Fe (II)+10 g/l hypophosphite

while the bath for sample 2¢ had 10 g/l hypophosphite (1.8
at.% P). The results suggest that addition of phosphorus to
CoFe modulates the microstructural properties (structure
and morphology) of the deposit including change in the
aspect ratio of the aggregates and uniformity of deposit
coverage.

From practical applications point of view, for example,
security documents embedded with thin magnetic film, the
roughness of the final films is very important. The root
mean square (RMS) roughness (nanometer) values
obtained for the surfaces using AFM indicate that the
addition of phosphorus changes the surface roughness of
the deposit. Increasing phosphorus content results in
smoother surface morphology. The roughness is also
dependent on the total charge passed as expected. Figure 3
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illustrates the relationship between the total coulombs
passed and roughness of the CoFe and CoFeP thin films.
For both alloys, the roughness decreases with increase in
total charge passed. On passing same quantity of deposition
charge, Fig. 3 suggests that the roughness of electro-
deposited CoFeP thin film will be lower than that of CoFe
deposit. In the work of Park et al. [14], the morphological
changes of CoNiP electrodeposit was controlled by the P
content of the deposit. The morphology of the deposit
becomes smoother with increasing P content similar to the
observation made with increasing P in the present work.
Similarly, as in [14], the pH and applied current density
play significant role in the electrolytic deposition.

An examination of the AFM 2D deposits (Fig. 4) was used
for further comparison. Unlike the samples that contain
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Fig. 3 RMS roughness of thin film deposit as a function of total
charge passed

phosphorus, examination of the (AFM picture) morphology
of the deposits that contain only cobalt and iron show
(Fig. 4a) that the films consist CoFe nanocrystallites. A
cross-section of several samples shows particles of varying
sizes. The average particle size estimated (using AFM
pictures) for the film containing only Co and Fe was
16 nm. The grains of CoFe only deposits are also segregated
in their respective coalesced groups. This is quite unlike
samples that contain phosphorus in addition to Fe and Co.
The grains of CoFeP samples with low P content (Fig. 4b)
are slightly elongated grains that coalesce together (aggre-
gate) into larger grains. The average size for these elongated
and coalesced grains appear slightly greater than do those of
non-phosphorus containing samples. With increase in P
content, the elongated feature observed for low P samples
seems to be further developed into a honeycomb appearance
(Fig. 4c). The average size of the grains for the samples with
higher amount of P is even more than the low P containing
samples. Some of the elongated grains of the high P samples
reached a length of 189 nm. The results suggest that the
presence of phosphorus in the CoFe alloy changes the
average grain size and elongates it too. It is thus apparent
then that with increase in P, a level of P can be reached at
which the alloy deposit will become amorphous. We did not
determine that window of P composition between complete
amorphous and crystallinity for CoFe. However, at P content
of less than 4 at.%, the samples still show some crystallinity.
The addition of low amounts of phosphorus to CoFe films
produces nanocrystalline films with a modified crystal
structure and morphology. The modified structure affects
the energy barriers required for the magnetic alignment of
the CoFe grains; thus, the performance properties of such
CoFeP thin films differ both from those of crystalline CoFe
bimetallic alloy and the totally amorphous CoFeP alloy. This
is important for the sensor application envisaged for the
present thin film samples.

The crystal structure and the grain size of the thin films
were characterized using XRD for the crystalline phases.

As revealed by the XRD analysis (Fig. 5), the as-deposited
Co;_,Fe, films from hypo-free solution exhibited a mixed
structure of fcc (111), bee (110) or hep (002) and fec (200)
planes. The data is consistent with equilibrium phase
diagram predictions for the binary Co,_Fe, system in
which 0.1<x<0.25 and the thermodynamic stability
indicates a mixture of disordered bcc phase and fecc
structure [28]. For thin films of CoFe deposited by
molecular beam epitaxy on a number of different samples,
Wojcik et al. [20] observed a shift in the stability limits of
the bee structure. The result in [20] shows that for Fe
concentrations larger than x=0.11, a sample consistent with
bee lattice is obtained, whereas lower Fe concentration
results in an abrupt switch to fcc phase. This suggests that
the stability limits of bee structure are shifted from x=0.25
(as predicted in reference [28] in case of bulk alloys) to x=
0.11 for the epitaxial alloys. For the present work, the
composition of the Co;_.Fe, thin film is such that 0.19<
x<0.23, and thus, all the samples fall into the predicted
thermodynamic equilibrium region. In the absence of hypo,
Fig. 5a reveals a predominant fcc (111), and fce (220)
phases with low bcc peaks spread out in the matrix. How-
ever, with hypophosphite present in the bath (Fig. 5b,c),
the fcc peaks at (111) and (220) planes are dramatically
reduced, whereas the bee (110) or hep (002) peaks at 20=
45.19, and bee (211) at 260=83.57 increased in size. As Fe
contents of the alloy samples were ~19 at.% (Fig. 5a),
23 at.% (Fig. 5b) and 23 at.% (Fig. 5c), the changes in
preferred orientation can possibly be attributed to the
presence of phosphorus, which was 0, 1.6 and 3.3 at.%,
respectively, for Fig. 5a,b and c. Thus, the presence of P in
the deposit changes the preferred orientation of the CoFe
alloy deposit from fce (111) plane to hep (002) or bee (110)
plane. This is consistent with the result obtained by Park et
al. [14] for CoNiP thin film electrodeposited from a
hypophosphite bath. As observed by Kim et al. [10], it is
difficult to index the peak at ~45.19° [either hcp (002) or
bee (110)], although one can argue for the disordered bce
phase [bce (110)] based on the bulk equilibrium phase
diagram of the binary CoFe system as in reference [28].
Using the XRD patterns, the grain size of the CoFe and
CoFeP deposits with preferred hcp (002) planes were
estimated using Scherer formula. The grain size estimates
were ~12 nm (CoFe only), 12.3 nm (CoFeP, 1% hypo) and
16.3 nm (CoFeP, 10% hypo). The trend is in agreement
with the estimate obtained using AFM data.

Although the size and sharpness of the diffraction peaks
of the CoFe containing phosphorus alloy deposits (CoFeP)
differ from those of CoFe only alloy (no phosphorus), the
samples remain crystalline at the low phosphorus content
used in this work. For the CoFe only alloy deposit, the
XRD results in Fig. 5a indicate a texture with fcc structure
for as-deposited CoFe alloy. Assuming a solid solution
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Fig. 4 AFM 2-D images

of CoFeP alloy electrodeposited
on a copper substrate at 13 mA/
em?. Conditions are: a 0.5 M Co
(I)+0.1 M Fe(1I), b 0.5 M Co
(ID+0.1 M Fe(Il)+1 g/l hypo-
phosphite and ¢ 0.5 M Co(Il)+
0.1 M Fe (II)+10 g/1
hypophosphite

@ Springer

5.00

2.50

5.00

250.0 nm
NanoScope Tarping AFM
Scan size 5.000 pm
Setpoint 1.225 v
Scan rate D.2501 Hz
Number of sawples 512

5.00 250.0 nw

125.0 nm

2.50 0.0 nm

NanoScope Tapping AFM
Scan size 5.000 pm
Setpoint 1.350 v
Scan rate 0.2501 Hz
Number of samples 512
125.0 nm
0.0 nm
NanoScope Tapping AFM
Scan size 5.000 pm
Setpoint 1.325 V
Scan rate 0.2501 Hz
Number of sawmples 512



J Solid State Electrochem (2007) 11:1145-1156 1153
Fig. 5 X-ray diffraction cu
patterns of as-deposited /
(i=13 mA/cm?, r=200 s) thin
film CoFeP alloy on Cu sub-
strate with varying amounts of P S
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formation, the lattice constant obtained for the FeCo
(without P) alloy was 0.3472 nm. As the phosphorus
content of the alloy increases, we observe that the preferred
orientation of the alloy changes as indicated in the XRD
peaks. The lattice constant for the CoFeP alloy was
0.2835 nm. This suggests the microstructure of the film
changes with the presence of phosphorus as was observed
from the AFM results. The addition of phosphorus into
electrodeposited CoFe thin film produces nanocrystalline
films whose crystal structure is modified. The modified
crystal structure is expected in turn to affect the energy
barriers required for the magnetic alignment of the grains.
The crystalline films obtained for the as-deposited phos-
phorus containing CoFe alloy samples in this work
contrasts with the results in [7, 8, 29] for which amorphous
CoFeP deposits were obtained. Unlike the above referenced
works in which the thin films contain high amount of
phosphorus (>9 at.%) and produced the amorphous thin
film, the deposits in the present work are nanocrystalline
and contain less than 4 at.% P. EDS analysis was performed
on the films to obtain their composition.

Table 2 illustrates a typical composition obtained at a
current density of 10 mA/cm?. Results in Table 2 suggest
that when phosphorus-containing species is added to a
CoFe alloy bath, co-deposition of phosphorus occurs at the
expense of Co in the resulting alloy. The composition of the
alloy shows an increase in phosphorus and Fe content
whereas Co decreased. This change in alloy composition is

reflected in the physical properties of the resulting film. As
previously suggested, the differences in the microstructural
features observed for the samples (e.g. Fig. 4a-c) are
probably due to the presence of phosphorus in the films. At
any operating current density, the co-deposited phosphorus
in CoFe alloy film is dependent on the concentration level
of phosphorus in the plating bath, pH and mass transfer
effects.

Magnetic properties

The parameters extracted from hysteresis loop are often
used to characterize magnetic properties of a magnetic thin
film. Such magnetic properties include the magnetic
saturation (M), the remanence (M), the squareness ratio
or squareness (SQR or M,/M) and the coercivity (H.).
Although some of these are intrinsic magnetic properties
(e.g. M), the influence of preparation conditions of the thin
film does influence the microstructure features on which

Table 2 Typical composition of CoFeP alloy deposited at a constant
current density of 10 mA/cm?

Elemental  Sample A Sample B Sample C
species (at. wt.%) (at. wt. %) (at. wt. %)
Cobalt 80.71 75.7 74.2
Iron 19.29 22.7 22.5
Phosphorus 0 1.6 33
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Fig. 6 Hysteresis loops of as-
deposited CoFeP alloy films
obtained from a SQUID mag-
netometer at 300 K. Hg was
applied parallel to the film sur-
face. a COgoFezo, b C074F623P3,
Cc C071F Cz}P 6

some of the properties depend. Figure 6 shows the
hysteresis loops obtained for three films with differing
amounts of phosphorus. The figure shows that increase in
the amount of phosphorus in the CoFeP alloy leads to a
narrower hysteresis loop that is less square than that

Fig. 7 Bath operating condition
effects. a Dependence of P alloy
content on the NaH,PO, bath
concentration. b Alloy P content
effect on SQR or M,/M;. ¢ Alloy
P content effect on coercivity
(He)
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obtained from CoFe alloy. The relationship between the
NaH,PO, concentration in the bath and the P content of the
alloy is shown in Fig. 7a. It is observed that the P content of
the alloy increased with increase in NaH,PO, concentra-
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examined, the P content increases with NaH,PO, concen-
tration and tends to a limiting value. The SQR (parallel), a
measure of how square the hysteresis loop is, is examined
in Fig. 7b as a function of the P content of the thin film. As
earlier shown, the amount of co-deposited phosphorus in
the thin film is dependent on the concentration of
phosphorus in the bath. Thus, the amount of phosphorus
in the bath indirectly captures the microstructure effects on
the magnetic property. The figure shows that within the
experimental range of the present work, the SQR of the
deposit decreases with increase in P content of the alloy or
amount of P in the bath. This is in agreement with the
results reported in reference [14] for CoNiP. Unlike the
results obtained for CoNiP in reference [14], for the present
work, we did not examine the limit of NaH,PO, concen-
tration at which the SQR does not change with increase in
NaH,PO,. Further, whereas the current density was kept
constant at 10 mA/cm? in reference [14], the present results
were obtained at several different applied currents. We
observe that SQR tends to decrease as bulk concentration of
phosphorus in the bath increases as well as the current
density. The relationship between SQR and the operating
variables is probably due to the combined effects of
phosphorus enrichment and film thickness.

Figure 7c shows the effect of phosphorus bath concen-
tration on the film parallel coercivity, H.. The H, of the thin
film, a complicated parameter, relates to the magnetic
microstructure that involves a complex interplay of the
effects of shape and dimensions of crystallites and nature of
their boundaries etc. For the limited ranges of both
parameters examined in Fig. 7c, low H, values are obtained
at lower P content in the alloy. Generally, H. does not show
a very strong dependence on the phosphorus content of the
bath. This should be expected, as the amount of phosphorus
considered in this work is very low.

Conclusion

Electrodeposited CoFeP thin films were studied using
AFM, EDS, XRD and SQUID magnetometer techniques.
The functional properties of electrodeposited CoFeP thin
film depend on the microstructure and the evolution of the
microstructural features is in turn dependent on the
deposition conditions. The presence of low amount of
phosphorus in the CoFe alloy changes its magnetic
properties. The addition of phosphorus in CoFe alloy
affects both its saturation magnetization and remanence
and hence the SQR. The atomic percent P co-deposited
with CoFe alloy depends on the concentration of phospho-
rus source in the plating bath. The presence of P in the
CoFe alloy reduces the roughness of the deposit. The XRD
studies show that crystalline CoFeP alloy deposits are

obtained at low atomic percent P composition (<4 at.%),
and the presence of P in CoFe changes its preferred
orientation from fcc (111) plane to bee (110) or hep (002)
plane.

Anomalous deposition of CoFe is explained as due to a
change in the mechanism of the more noble species in the
presence of the less noble component. The mechanism
suggested differs from the previous mechanisms in the
literature in that anomalous co-deposition does not involve
the hydrated ions of the more noble species. Qualitative
analysis suggests that CoFeP deposition is also anomalous.
CoFeP thin film appears to have magnetic properties
suitable for magnetic recording. Further examination of its
corrosion resistance properties and quantitative analysis of
its anomalous behavior are required.
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