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Ni, Fe and NiFe alloy thin films were electrodeposited at a polycrystalline Au surface using a range of
electrolytes and potentials. Coulometry and EQCM were used for real-time monitoring of electroplating
efficiency of the Ni and Fe. The plating efficiency of NiFe alloy thin films was computed with the aid of ICP
spectrometry. In general, plating efficiency increased to a steady value with deposition time. Plating efficiency
of Fe was lower than that of Ni-&9.85 and-1.0 V but the efficiency approached to the similar plateau value

to that of Ni at more negative potentials. The films with higher content of Fe showed different stripping
behavior from the ones with higher content of Ni. Finally, compositional data and real-time plating efficiency
are presented for films electrodeposited using a range of electrolytes and potentials.
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Introduction EQCM combined with coulometry is described for real-time
monitoring of the deposition efficiencies of Ni and Fe,

NiFe alloys ranging in composition from the Ni-rich which has not been reported before. Also, the plating effici-
Permalloy to the Fe-rich Invar have a variety of high technologgncy of NiFe alloy thin films was computed with the aid of
applications due to their wide spectrum of physical propétties. ICP spectrometry.

For example, Permalloy has found use in memory devices

due to magnetic properties and Invar exhibiting a low Experimental Section

thermal expansion coefficient has many applications such as

watch springs, laser housings and space technology. Also,An EG&G PAR 263A system equipped with Model
NiFe alloy coatings can be used as decorative and protectivd250/270 electrochemistry software was used. The EQCM
materials. (Seiko EG&G Model QCA 917) consisted of an oscillator

Among the several methods, electrodeposition has provemodule (QCA 917-11) and a 9 MHz AT-cut Au crystal
to be an efficient process for the synthesis of NiFe alloygeometric area, 0.2 &n The electrodeposited alloy thin
films due to flexibility, low cost and capability of being used film was anodically stripped in a blank solution and sub-
for parts with any size and geometAtn addition, electro-  sequently analyzed for Ni and Fe content by a Perkin Elmer
deposition of NiFe alloys has attracted considerable attedCP spectrometry (Model Optima 2000 DV). Auger depth
tion because it exhibits the phenomenon of “anomalougrofile was obtained with a VG Model ESCALAB 210.
codeposition*® This term introduced by Brenner is being  All chemicals were purchased from Aldrich and used as
used to describe the preferential deposition of the less nobteceived. All electrolytes were prepared with double-distilled
metal, Fe, to the more noble metal,!Riin other words, the  water (Corning-Megapure) and purged with ultrapuse The
reduction of nickel is inhibited while the deposition of ironis 0.1 M Ni (or 0.1 M Fe) electrolyte for Ni (or Fe) electro-
enhanced when compared with their individual depositiordeposition was prepared with MLNiSO4 (or 0.1M FeSQ)
rates. Several attempts have been made to explain the0.35M NaSQO, + 0.2 M H3BOs. NiFe alloy films were
anomalous codeposition of NiFe alloys. However, the focuglectrosynthesized at several potentials frorMNISO, +
of this paper is not on the elucidation of anomalous coded.1M FeSQ+ 0.25M N&SQ;+ 0.2M H3BO; (100 iV Fe
position. solution) and 0.M NiSO; + 5 "M FeSQ+ 0.35M NaSQ,

The magnetic, mechanical and corrosion properties of 0.2 M H3;BO; (5 mM Fe solution). The pH of all
NiFe alloys are affected by a number of factors includingelectrolytes was adjusted to 3.0 with B1H,SQu. 3 The pH
roughness, grain size and alloy composition. In turn, thesand composition of electrolytes were selected based on
factors are dependent on deposition conditions such as elgarevious workg:* °
trolyte composition, pH, applied current density and agita- The electrochemical cell was custom built with plexiglass
tion.”® and consisted of a gold working electrode, a Pt auxiliary

In this report, the effects of the applied potential andelectrode, and an Ag/AgCI/BI NaCl reference electrode.
electrolyte concentration on the composition of the NiFePrior to the electrodeposition experiments, the quality of the
alloy films are exploredia electrochemical quartz crystal gold electrode surface was checked by cyclic voltammograms
microgravimetry (EQCM), chronocoulometry, Auger and (CVs) in 0.1M H,SQ..'° The potential was cycled between
inductively coupled plasma (ICP) spectrometry. Especially.-0.8 and 0.7 V until voltammetric and frequency signals
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were stable. The data represented below are average valibs Faraday’s law and the Sauerbrey equdfion:
of at least three replicate runs.

Am = —KkAf @)
Results and Discussion Q=nFN 2
Q =-(nF KM) Af (3)

Due to several advantages, the EQCM technique has been
applied to studies of metals and alloy systems such as Ni, In equations (1)-(3YAmis the mass of the depositis the
Cu, CuNi, FeCr and CdS&» However, EQCM has not electron stoichiometny is the Faraday constam, is the
been applied to the study of the NiFe system, yet. Especiallpumber of moles deposited, akds the sensitivity factor.
in-situ and real-time monitoring of electrodeposition efficiency Finally, M is the molar mass of the deposit. As compared
is possible by coupling the EQCM technigue with coulometrywith a coulometric measurement, the charge affords plating
For example, composition of CdSe thin film was continuouslyefficiency for Ni deposition during the film growth. Plating
monitored from the charge and mass changes during the filmfficiencies thus obtained for N ) and Fe (---) are shown
growth via combined coulometry and EQCGM. in Figure 2 as a function of deposition potential and time.

Figure 1 shows representative coulometry and EQCMrhe coulombic efficiency of Ni increases with time and
traces for 0.M Ni (A) and 0.1M Fe (B) solutions at 1.0 V. decreasing potential. The efficiency continues to increase
As shown in the Figure, significant Ni deposition occurredwith deposition time at0.85 V, but it approaches to the
after 10 s and Fe deposition after 50 s. That is, Ni depositiosteady value of 70-80% at more negative potentials and the
is significantly faster than Fe at this potential. Fromresidual charge is attributed to the proton reducfioh®
combination of the frequency change (mass increase) anthese values are in good agreement with the previous
Faradays law, the charge consumed for Ni deposition can esults™ In contrast to the Ni system, deposition of Fe does
calculated. For example, the charge (Q) and frequency changet significantly occur and the coulombic efficiency is very
(Af) during the electrodeposition of Ni can be connected vissmall at-0.85 and-1.0 V. At more negative potentials, the
efficiency increases with time and approaches to a plateau
value. This Figure clearly demonstrates that the deposition

0-
~ -3000 - 80 F  eeemmiIoTmEses st
T L (A)0.1 M Ni
. i 60
Z 000
L 1 i L 1 L 1 40 D) -130V
40F 0 10 20 30 40 50 60 20 R R
2 30k 0 5 10 15
% 20f 80 |
< r -
= 10 - o 60
© I / X U (C)-1.15V
0 | i { \ | ) i | L L | >: 40 __
0 10 20 30 40 50 60 2 20}k
b5) | IR ST ETE A PRI AT BN B |
oF —— g 0 5 10 15 20 25 30
[ \ T osoF
N -3000 ™ S 60
= [ (B)0.1 M Fe N AN (B)-1.0V
= z 40
-6000 - \ g :
i 2 £ R
(N RO S U S S S S SR S R E ) 0 &l . Ly ) ] . | L ! A 1
60 0 >0 100 150 0 10 20 30 40 50 60
U i 50
E sl 7 40|
) — 30 |
E L C
g0 ?8 3 (A)-0.85V
i r/" ‘ ‘ 5'0 I — l(I)O l l I I 1510 — 0 :—I\::‘I~I_l_:_l_l_:I_l_l—l—r]‘_l—l_l_:_'_I_I_I_T_I‘le_l__l_l
. 0 100 200 300 400 500 600
Time, s

. . . . . . . Deposition Time, s
Figure 1. Representative combined coulometric and microgravimetric

traces for the electrodeposition of a film at 1.0 V in theNd.Ni Figure 2. Deposition efficiency of Ni{) and Fe (---) as a function
(A) and 0.1M Fe (B) electrolyte. (see experimental section for of time and deposition potential. Same electrolyte conditions as in
details) Figure 1
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Figure 3. Auger depth profile of a film deposited&t.0 V using ~ Figure 4. Frequency changes during the stripping voltammetry for
(A) 5 mM Fe and (B) 100 M Fe solution. the films deposited in (A) 100&hFe and (B) 5 il Fe solution at

-1.15 V. Sweep rate: 20 mV/s.

efficiency is not fixed but changed with time. Therefore,
deposition time as well as potential should be considered tstripping behavior of two alloy films. Figure 4(A) shows the
describe the plating efficiency. From the Figures 1 and 2, ifrequency change during the anodic stripping voltammetry
is shown that there are two different stages during thdor the film deposited at1.15 V using a 100 M Fe
electrodeposition: initial slow deposition and lower efficiency,solution. Note that the film was almost completely stripped
followed by fast deposition and higher efficiency. The in the first sweep. On the other hand, a film deposited using
difference can be attributed to the different deposition kinetica 5 nM Fe solution at the same potential, 4 sweeps were
depending on the layers.¢, monolayer or multilayery. needed to strip the NiFe alloy film (Figure 4(B)). This
To investigate composition modulation of the NiFe thin difference could be attributed to the higher content of Fe in
film depending on the deposition time and therefore depththe film deposited using a 100MnFe solution. It is also
Auger depth profile of a thin film was obtained (Figure 3). Aworthy of note that every run shows the same frequency
film deposited at-1.0 V using a 5 Ml Fe solution (see change ota.4 KHz in Figure 4 (B).
experimental section) shows higher content of Ni and no Figure 5 shows the effects of applied potentials and
distinctive difference in composition with depth. Also, a film electrolyte on the NiFe alloy composition obtained from the
deposited at1.0 V using a 100 M Fe solution shows the ICP analysis. It is clearly shown that alloy composition is
same trend except higher content of Fe. This Figuresensitive to the applied potential as well as the plating bath.
indicates that Ni-rich or Fe-rich NiFe alloy thin films can be Especially, drastic change in alloy composition can be
obtained by controlling the electrolyte composition. achieved by varying the electrolyte composition. Therefore,
Since the stripping voltammetry of NiFe alloy thin film a fine tuning of composition might be possible through the
yields only one peak and no separate peaks for Ni and Fe,dombination of potential and electrolyte control. Also shown
is not possible to differentiate the content of Ni from the other ins that the weight ratio of Ni/Fe in the alloy film is not same
NiFe alloy thin films using stripping voltammef¥!®  as the concentration ratio of Ni/Fe in the electrolyte. For
Therefore, compositional analysis was conducted with ICRexample, the weight of Fe deposited is 1.7 times higher that
spectrometry to determine the deposition efficiency throughhat of Ni whereas the electrolyte contains equal amount of
the alloy composition. For ICP measurements, alloy thinNi?* and Fé&" ions 1.0 V in Figure 5(A)). This “anomalous
films deposited with different electrolytes at various potentialscodeposition” is shown in Figure 5(B) again when the Fe
were electrochemically stripped in a blank solution. concentration is decreased to 20 times lower than that of Ni.
Interestingly enough, Figure 4 shows distinctively different Finally, the plating efficiency with deposition time was
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Figure 5. Dependence of NiFe film composition on the elec- and (-—): 100 ™ Fe solution.

trodeposition potential. Plating bath: (A) 100/nfre solution (B) 5
mM Fe solution.

plating potential as well as bath conditions. Also shown is
computed with the aid of the ICP analysis data in Figure 3hat electrolyte composition is more effective to change the
for the alloy thin films as a function of deposition potential composition of NiFe alloy thin films than the deposition
and electrolyte composition. In this case, the composition opotential. Finally, different stripping behavior of alloy films
Ni and Fe can not be determined separately via combinedith different composition has been demonstrated.
EQCM and coulometry since EQCM is not chemical species Acknowledgment This work was supported by Korea
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