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ABSTRACT

In this paper, the magnetic properties of Co-rich CoPtP films electrodeposited using an optimized Pulse Reverse (PR) technique
are investigated for magnetic MEMS applications. By using a combination of forward and reverse pulses with optimized duty
cycles during deposition and suitable bath chemistry, the film stress is reduced significantly, which results in smooth, crack-free
films of thickness up to 26 um. The deposited film of thickness ~3 um shows a coercivity of 268 kA/m, a remanence of 0.4 T, and
a maximum energy product of 35kJ/m? in the out-of-plane direction. The variation in the hard-magnetic properties of the films
for changing the film thickness is analyzed in terms of the composition, crystalline structure, and grain size. As the thickness is
increased from 0.9 um to 26 um, the in-plane coercivity reduces by 17% due to an increase of the grain size and the Co content
in the alloy structure. The in-plane squareness factor increases by 1.5 times as the thickness is increased over the above-
mentioned range, which results in an enhancement of the in-plane remanence value. The magnetization reversal behavior of the
deposited films indicates that the nature of magnetic interaction is significantly influenced by the thickness of the films, where
the dipolar interaction for the thinner films changes to exchange coupling at higher thickness due to the increase of the grain
size. Finally, an innovative design strategy to integrate CoPtP in magnetic MEMS devices by micro-patterning is proposed
and analyzed using the finite element method. The demagnetization fields of the magnetic elements are minimized through
optimized micro-patterned structures which improve the viability of PR deposited CoPtP micro-magnets having suitable nano-
grains in potential MEMS based applications.

Published under license by AIP Publishing. https://doi.org /10.1063 /1.5063860

I. INTRODUCTION 810

The recent development in the hard-ferromagnetic (FM)
alloys and compounds, also referred to as permanent magnets,
is driven by the potential applications of thin films in high-
density recording media"® and of thick films in micro/nano-
electromechanical systems (M/NEMS).”* While the market of

film deposition techniques such as sputtering, pulse laser
deposition (PLD),"™” and electrochemical deposition*™"" have
emerged over the years depending on the application require-
ments. Among the various techniques currently being exploited
for device integration, electrochemical deposition is an attrac-
tive choice due to its low cost and a relatively high deposition

hard magnets is dominated by sintered, bulk NdFeB (maximum
energy product BHp..=450kl/m® discrete magnets,” the
CMOS compatible integration remains a crucial challenge due
to high temperature processing. Therefore, a number of fabrica-
tion techniques including powder-based fabrication methods®’
(dry-packing, screen printing, etc.) and conventional thin

rate at CMOS permissible temperature.

Sputtered rare-earth compounds like NdFeB and SmCo,
among the best performing micro-magnets, are often hin-
dered by the requirements for the specialized deposition
system and high annealing temperatures. The growth of the
face-centered tetragonal (fct) Ll, structure in transition
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metal alloys Co/Fe-Pt with equi-atomic ratios has received
extensive attention due to the high uniaxial magneto-crystalline
anisotropy (K; = 6.6 MJ/m®). The ordered L1, structure of equia-
tomic Co/Fe-Pt films with varying thicknesses has been
deposited by sputtering,””' PLD,""” and electrodeposition™"”
techniques. However, the phase transformation and the desired
hard magnetic properties are obtained at either elevated sub-
strate temperature during deposition (sputtering) or by high
temperature, post-deposition annealing (electrodeposition).

On the other hand, Co rich Co-Pt alloys with an atomic
ratio of 80:20 exhibit good hard magnetic properties without
any requirement of the high temperature annealing step,
making them a good candidate for CMOS/MEMS integra-
tion. Such hard-magnetic properties can be availed in the
as-deposited state due to the high magnetic anisotropy
induced by incorporating Pt in the hexagonal closed-packed
(hcp) phase of Co and phosphorous-segregated grain bound-
aries. The properties of CogoPtyo and CogoPtyoP were com-
pared by Callegaro et al.,'® where it was reported that the
addition of phosphorus to the electrolyte for CoPt deposi-
tion induces P co-deposition and improves films' hard
magnetic properties. The addition of P improved the coer-
civity (Hc) of CoPt films from 220 kA/m to 440 kA /m, along
with an increased squareness of 0.7. Vieux-Rochaz et al.”
reported that in-plane magnetization with coercivities
as high as 220kA/m can be reached for patterned layers
of CoPtP electrodeposited using an acidic bath for micro-
magnetic sensor applications. Ramulu et al”’ recently
reported the three-electrode potentiostatic electrochemical
synthesis and the characterization of one dimensional hard
magnetic CoPtP nanowires. They deposited nanowires into a
nano-porous track-etched polycarbonate membrane with
a nominal pore diameter of 50 nm and a thickness around
6-9um. The coercivities were measured to be 140 kA/m and
100 kA/m along parallel and perpendicular directions to the
nanowire axis, respectively. The phosphorous segregation in
the grain boundaries is enhanced by Wang and Arnold”’
using textured seed layers, e.g., Cu (111) on Si (110), that pro-
vides a template lattice for the desired crystalline structure.
They demonstrated 8-um-thick patterned films with an
energy product of 69kJ/m> In many cases, however, the
deposition is restricted to 1-2 um thickness as the magnetic
properties deteriorate significantly with thickness and as the
film stress increases resulting in micro-cracks in the struc-
tural morphology. Our group previously reported”” that a
combination of pulse-reverse (PR) plating with the addition
of stress-relieving additives to the bath of CoPtP can consid-
erably reduce the film stress. However, the formation of free
poly-ammine in the electrolytic bath from the Pt-salt not
only increases the stress in the electrodeposits but also
reduces the chemical stability of the bath significantly.”
Thus, a significant drop of magnetic properties with thick-
ness and inhomogeneous growth due to instability of the
electrolytic bath remained a challenge.

In this work, we have deposited homogeneous, stress free
films of Co-rich CoPtP by optimized PR electrodeposition con-
ditions and bath chemistry. A detailed study of microstructural
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evolution and magnetic properties of PR electrodeposited
CoPtP films with varying thickness values is presented.
Iso-thermal remanence (IRM) and dc demagnetization
(DCD) measurements of CoPtP films are performed in order
to study the magnetic domain switching behavior. Finally,
an innovative design scheme to integrate the developed
CoPtP magnetic material as a source of magnetic field in
micro-scale MEMS devices is extensively analyzed using the
finite element method (FEM).

Il. EXPERIMENTAL METHODS

Co-rich CoPtP films are electrochemically deposited
using an electrolytic bath, which consists of 0.1IM cobalt sulfa-
mate, 0.0lM diammine-dinitro-platinum (Platinum-P-salt),
0.IM sodium hypophosphite, 0.IM dibasic ammonium citrate,
0.IM sulfamic acid, 0.IM glycine, and 0.25M saccharin.”"****7%6
Dibasic ammonium citrate acts as the complexing agent to
bring the reduction potentials of cobalt and platinum close
together. Glycine reduces the surface tension between the
electrolyte and the working electrode, whereas saccharin is
added in the electrochemical bath as a stress-relieving addi-
tive. Due to instability of the Platinum-P-salt, the electrolytic
bath is often not sustained for a long time (more than few
days) as solid precipitation occurs. To prevent this, sulfamic
acid is added which forms diammine platinum disulfamate
and restricts the formation of free poly-ammine in the
bath.”*7*® This procedure stabilizes the platinum compound
and increases the current efficiency significantly. The pH of
the solution is monitored during the deposition process and
adjusted to 8 by adding a small amount of NaOH. A piece of
cobalt is used as the anode and silicon pieces (1cm? area)
with sputtered Cu/Ti (200/20 nm) seed layers are used as
the cathode. The electrochemical deposition is carried out
at room temperature in a CH instrument CHI660C worksta-
tion. The deposition of platinum produces hydrogen evolu-
tion reaction which creates bubbles near the cathode
surface causing non-uniformity in the deposition. To avoid
this, the cathode is removed occasionally during the deposi-
tion and the bubbles are cleared to maintain a uniform dep-
osition process.

The micro-structure and elemental characterization of
the deposited films are performed using Quanta FEI 650
Scanning Electron Microscope—Energy Dispersive X-ray
Spectroscopy (SEM-EDS) analysis. The 3D surface topology
analyses of the films are performed using the tapping mode
in Keysight 9500 Atomic Force Microscopy (AFM). Further
microstructural analysis of the deposited samples is carried
out using Jeol 2100 High-Resolution Transmission Electron
Microscopy (HR-TEM) in conjunction with selected-area
electron diffraction (SAED). The X-Ray diffraction (XRD)
patterns are characterized in a Panalytical X'Pert Pro MRD
with Cu Ko radiation (40kV, 50 mA) at a wavelength of
1.54 nm for crystalline phase analysis. The magnetic measure-
ments of the deposited films are carried out in Quantum
Design SQUID magnetometer (MPMS-XL5) for an applied
fieldup to 5T.
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lll. RESULTS AND DISCUSSIONS

A. Pulse reverse electrodeposition of Co-rich CoPtP
films

Three electrode cyclic voltammetry (CV) analysis is per-
formed initially to estimate the deposition current density.
Based on that, the first film is deposited using a conventional
direct current (DC) plating technique at a current density of
20 mA/cm?, which results in a composition of 77.6% Co, 21.7%
Pt, and 0.7% P. The surface morphology of the deposited film
is shown in Fig. 1(a). The DC plated film is full of micro-cracks
even though the stress relieving agent, saccharin, is added to
the bath. It is to be noted that even a highly polished silicon
wafer has nano-scale surface roughness, creating an uneven
Nernst diffusion layer. As a result, a smaller diffusion length
from the peak and a larger diffusion length from the valley are
obtained for the uneven surface for depositing ions. This
gives rise to a relatively higher metal ion concentration, and
hence a greater deposition rate, at the peaks than the valleys.
This preferential growth of the metal alloy leads to the non-
uniformity of the entire film and, as a result, it is stressed.

To avoid this effect, a second film is electroplated using
the PR Plating technique”’ with a current waveform, consisting

ARTICLE scitation.org/journall/jap

of optimized forward and reverse current densities of
20mA/cm? (20 ms) and 10 mA/cm? (0.5 ms), respectively; with
intermediate off times of 0.5ms. The complete cycle is
repeated for the entire deposition duration. Several trials of
reverse current durations and magnitudes have been used
before optimizing the above-mentioned values. Increasing the
reverse current duration or magnitude significantly results in
stripping of the material rather than depositing. Decreasing
the same affects the film stress considerably. The forward duty
cycle (Dy) for the forward current and the reverse duty cycle
(D,) for the reverse current are given by

4
T )

where T = t; + t, + 2t, is the length of the entire one cycle,
within which t; is the forward cycle time, t, is the reverse
cycle time, and t, is the off time. The film composition is
found to be 79.6% Co, 19.2% Pt, and 1.2% P using EDS analy-
sis. The nano-scale asperities from the surface of the depos-
ited film are etched away during each cycle due to the
reverse current of the PR plating process, which results in a
smooth, stress-free film with a uniform composition as
shown in Fig. 1(b). Apart from micrographs using SEM, the

t
sz% and D, =

FIG. 1. Surface morphology of the films deposited at 20 mA/cm? density using (a) DC plating and (b) PR plating techniques. The right-hand side image for both the
figures shows the corresponding AFM images. A measurement of the micro-crack depth for DC plated film is shown in the inset.
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improvements on the surface morphology are also examined
using AFM imaging as shown in Figs. 1(a) and 1(b). The RMS
roughness of the DC plated film is measured to be 4.4 nm,
whereas the same for the PR plated film is 3.7 nm. However,
the major benefit is achieved due to the disappearance of
micro-cracks from the surface topography in the PR plated
film. This significant reduction in the stress of the developed
film is particularly useful not only for depositing very thick
films but it also improves the magnetic properties by reduc-
ing the grain size comparable to the single domain size,
which is essential for magnetic MEMS applications.

The PR plating method improves the magnetic properties
significantly as shown in Fig. 2. The perpendicular and parallel
coercivities of the DC plated film are 41.4 kA/m (0.52 kOe) and
24 kA /m (0.30 kOe), respectively, whereas the same values for
the PR deposited film are 268 kA/m (3.35kOe) and 175 kA/m
(2.19kOe), respectively. This significant improvement in the
magnetic property can be attributed to the structural unifor-
mity of the PR plated film. The squareness factor (S =Mg/Ms,
where My is the remanence magnetisation and Mg is the

1‘0- L ) )
—o— Qut-of-plane
—o—|n-plane
0.5 -
(a)
£ 0.0
=
i In-plane Hc: 24 kA/m _
0.5 ] Out-of-plarc1e Hc: 41.4 KA/m
In-plane S:0.3 I
1.0 bost . ) Out-olf-planels: 0.0-‘5l -
1.0 outofotanal | —eatid®®

—o— Qut-of-plane
—o—In-plane

0.5- (b)

In-plane Hc: 175 kA/m
Out-of-plane Hc: 268 kA/m

In-plane S:0.42

Out-of-plane S: 0.3 i

16 12 08 0.4 0.0 04 08 1.2 1.6
Applied Field (kA/m)

FIG. 2. Magnetic hysteresis loop measurement of the 1h deposited films at
room temperature: (a) DC plated film and (b) PR plated film. Coercivity (Hc) and
squareness (S) values are mentioned for the respective loops.
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saturation magnetisation) of the PR electrodeposited film in
the perpendicular and parallel directions are 0.3 and 0.42,
respectively. The corresponding values for the DC plated
films are 0.03 and 0.3, respectively.

B. Study of hard magnetic properties with thickness
variation

The above-mentioned optimized deposition conditions
are used to develop Co-rich CoPtP films with various thick-
ness values and the corresponding crystalline structures
and magnetic properties are compared in this section. The
deposition rate for the PR plated films is found to be ~3um/
h. However, the deposition rate drops slightly for long dura-
tion of plating. Initially, the deposition starts on the Cu/Ti
seed layered substrate but, as the plating process pro-
gresses, the film keeps depositing on the already grown
CoPtP film. This causes the loss of conductivity on the sub-
strate and, as a result, the plating rate drops. This, however,
does not affect the film composition much. The deposited
films are observed to retain their composition for long dep-
osition time. This improvement is achieved due to the addi-
tion of the stabilizing agent in the plating bath which
restrains the bath from precipitating over long time.
However, the pH of the bath is constantly monitored during
electrodeposition. Co-rich CoPtP films with thicknesses of
0.9um, 29um, 6.1um, 12.5um, 20.2um, and 26 um, are depos-
ited by varying the deposition time. The films are visually
smooth, shiny, and showed good adherence to the substrate.
Further surface morphology imaging of the CoPtP films with
various thicknesses is performed using SEM, which are shown
in Fig. 3. The images suggest that while the deposited films
with lower thicknesses are smooth and stress-free, micro-
cracks tend to appear occasionally for high thickness film.
This could be attributed to the internal stress that appears
due to the increase of the film thickness. However, the effect
of the stress is still less significant compared to the DC plated
films as the micro-cracks for thickest PR plated film [Fig. 3(c)]
is still less-dense compared to that for the much thinner DC
plated film [Fig. 1(a)].

Cross-sectional HR-TEM image of the PR deposited thin
(0.9um) and thick (26 um) films is shown in Fig. 4, which
clearly shows the nano-scale grain size of the developed
films. As labeled in Fig. 4(b), the lines between the grains
denote the grain boundaries. The micro-graphs and SAED
images in the insets show the highly oriented crystalline
nature of the developed films and both the films composed of
fcc (111)/hcp (002) rings. The d-spacing value of 2.024 is
found from the SAED rings which could be attributed to
either of fcc (111) or hcp (002) phases. From the XRD analysis
(Fig. 5), it is observed that a high intensity peak is obtained at
43.4° for all thickness values of the film, which also indicates
that there could be the coexistence of both Co-fcc (111) and
Co-hcp (002) phases. However, a small diffraction peak of
Co-hcp (101) is observed at 50.5° strengthening the occur-
rence of the hcp phase. For thin to moderately thick films of
CoPtP, the absence of hcp (100) reveals the possibility of
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(C) 26 um

micro-cracks

/

FIG. 3. Surface morphology of the PR plated CoPtP films with thicknesses: (a) 0.9 um, (b) 12.5 um, and (c) 26 um.

smaller crystallites. The Co-hcp (100) peak is observed at
40.5° for a 26 um thick film, which indicates a strong c-axis
orientation of the columnar crystal structure normal to the
surface plane as confirmed by the TEM image [Fig. 4(b)] as
well. The grain size of the films is determined using the
Scherrer equation

Ka
= Bcosh’ @
where 7 is the mean grain size, K is a dimensionless shape
factor with a value close to unity, 4 is the X-ray wavelength
(154 A), g is the line broadening at half the maximum intensity
(FWHM), and 6 is the Bragg angle (in degrees).

The in-plane and out-of-plane magnetic hysteresis loops
for three different thicknesses are shown in Fig. 6. The com-
parison of structural and magnetic properties of CoPtP films
with different thicknesses is given in Table I. The variations

of the in-plane and out-of-plane Hc, S, Mg and (BH)max
with the thickness of the plated CoPtP films are shown in
Figs. 7(a)-7(d), respectively. It is observed that both Hc and S
decrease with thickness. Hq reduces due to the formation of
multi-domain structure within a single grain. If the size of the
grain is smaller than the domain wall thickness, it cannot
consist of multiple domains separated by the domain walls.
On the other hand, if the grain size exceeds the size of a
single domain, multiple domains can be formed within a
single grain, making them a multi-domain grain. In this case,
the magnetization process is determined by domain wall
pinning at the grain boundaries.”® Theoretically, the H¢ of
such nano-crystalline materials is given by

VAK;

Hc =pc MsD’ 3

where p, A, Ki, Ms, and D are the particle shape pre-factor,

Grain—_,
Boundary

FIG. 4. Cross-sectional TEM images of the (a) 0.9 um film and (b) 26 um film. The insets show the SAED patterns for the respective films.
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FIG. 5. X-ray diffraction patterns of Co-rich CoPtP films for different thickness
values: (a) 0.9 um, (b) 2.9 um, (c) 6.1 um, (d) 12.5um, (e) 20.2 um, and (f) 26
4m.

exchange stiffness, magneto-crystalline anisotropy, magneti-
zation saturation, and particle diameter, respectively. From
Eq. (3), it is found that as the size of multi-domain grains is
increased, Hc decreases. The grain size of the deposited films
is found to increase from 6.4 nm to 22.5nm as the thickness
grows from 0.9 ym to 26 ym.

The drop in coercivity can also be explained by consider-
ing the Co-hcp hard magnetic phase. Pure Co-hcp is a soft
magnetic phase,”” where the addition of Pt atoms leads to
replacement of a few Co atoms in the Co-hcp unit cell. This
results in an increased anisotropy of the Co-hcp phase, hence
making it a hard-magnetic phase. Additionally, as mentioned
before, the P atoms tend to settle at the grain boundaries and
act as pinning sites preventing domain wall movement and as
grain growth inhibitor. It is observed that the atomic percent-
age of Co increases by 6.5% as the thickness increases from
0.9um to 26 um, leading to the drop of Pt and consequently
in the loss of coercivity. The in-plane squareness factor
increases with thickness indicating the increase of in-plane
anisotropy. However, the squareness factor along the
out-of-plane direction remains almost constant with varying
thickness of the films.

Due to the increase in Co% in the CoPtP films with
growing thickness, the total magnetic moment vis-a-vis
the saturation magnetization increases. This enhancement of
the saturation magnetization (M) together with that of the
squareness factor significantly increases the remanence mag-
netization (Mg =S x Mg) along the in-plane direction by 80%,
as shown in Fig. 7(c), whereas the same along the out-of-
plane direction decreases slightly.

One of the important figure-of-merits for any hard-
magnetic material is the maximum energy product (BHmax)
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FIG. 6. Magnetic hysteresis loop measurement along parallel (in-plane) and
perpendicular (out-of-plane) directions of the deposited films of thicknesses: (a)
0.9 um, (b) 12.5um, and (c) 26 um, respectively.

which is defined as the area of the largest B-H rectangle that
can be constructed within the second quadrant of the B-H
magnetization curve. For calculating (BHnax), the measured
M-H loop is converted to B-H loop, the BH product is
derived and the maximum value is determined. Figure 7(d)
shows the variation of energy product with film thickness.
The BHphax decreases monotonically with increasing thickness.
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TABLE I. Comparison of structural and magnetic properties of the different fims optimizing the deposition kinetics which could lead to improved

with varying thicknesses. deposition rate, while maintaining the constant composition.
Film thickness Atomic Grain size Coercivity (kAm)
(um) composition (%) (nm) In-plane  Out-of-plane C. Study of switching behavior in Co rich CoPtP films
0.9 Co—794 6.36 174 230 In order to understand the magnetization switching
Pt—19.5 process, film thicknesses of 0.9, 2.9, and 26 um are subjected
P—11 to isothermal remanence measurements (IRMs) and dc
29 %?:173 g 6.58 175 268 demagnetization (DCD) measurements along the in-plane
P—12 direction. The IRM measures the remanence magnetization as
6.1 Co—80.3 7.08 168 263 a function of an increasing magnetizing field starting from a
Pt—185 random demagnetized state. In the case of DCD measure-
P—1.2 ments, the films are first saturated to a large positive field.
125 Co—83 10.96 163 248 Subsequently, a small negative field is applied, then removed,
P;:11564 and remanence magnetization is measured. The process is
202 Co—85.3 15.03 157 239 repeated for increasing negative fields. The IRM and DCD
Pt—12.9 plots for the CoPtP films are shown in Figs. 8(a)-8(c), respec-
P—18 tively. The corresponding magnetizations are differentiated
26 Co—859 225 145 238 w.r.t. the applied field and plotted in the respective insets.
Et_x The IRM curves for the films show stable character with

nearly zero values at the smaller applied field range and then
increase gradually before saturating at large applied fields.
The nature of variation for IRM plots suggests that domain
A maximum in-plane BHp,, of 46 kJ/m? is obtained for the nucleation and coherent rotations are responsible for magne-
0.9 um thick film. tization reversal in the CoPtP films. The DCD curve for the

Further improvements in the hard-magnetic performances thicker (26 um) film crosses the zero point at a relatively
of PR plated Co-rich CoPtP films can be obtained by further higher field than that for the thinner films, which could be
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FIG. 7. Variation of hard magnetic properties, such as (a) coercivity, (b) squareness, (c) remanence magnetization, and (d) energy product (BHyax) for increasing film
thickness is shown here.
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due to the increase of grain size way above the single domain
size®® for Co hcp phase leading to the higher intra-granular
exchange interaction. This has been further explained later.
Also, magnetic interactions between the film grains can
be established from the above measurements. Figure 9(a)
shows the variation of normalized DCD against the normal-
ized IRM characterization for the films with afore-mentioned

ARTICLE scitation.org/journall/jap

thicknesses to decipher the magnetic interaction between
the grains. For non-interacting single domain particles, the
dependence of the two remanence curves should be approxi-
mately linear [represented by the dashed lines in Fig. 9(a)]
according to the Stoner-Wohlfarth model,” following the
relationship my = (1 — 2m,). Here, m, and my are the normal-
ized IRM and DCD remanences, respectively. Deviation from
the linearity can be attributed to either exchange (positive) or
dipolar (negative) interaction. The 26 um thick film maintains
the criterion of my > (1 — 2m,), which suggests that the main
inter-granular interaction is due to ferromagnetic exchange
coupling. An early peak in the derivative of IRM curve com-
pared to that in the DCD curve [[ig. 8(c) inset] also suggests
that changes in IRM occur faster which indicate positive
interactions, promoting the magnetized states in the thick
film. Similar nature is observed for the derivatives of IRM
and DCD of the 2.9 um film. The dominant interaction in the
0.9 um film is dipolar in nature as my < (1 — 2m,) condition is
fulfiled which can be seen in Fig. 8(a). The nature of
strength of magnetic interactions can be further examined

by using the Kelly-Henkel plot (Am plot),**** which is
defined by the relation
Am =my — (1 -2m,), (4)

where m, and my are the normalized IRM and DCD rema-
nences, respectively. The ideal non-interacting particles are
characterized by Am = 0, whereas positive and negative peak
values represent intra-grain exchange interaction and inter-
grain dipolar interaction, respectively. Figure 9(b) depicts Am
as a function of the applied field. The strength of the positive
peak for 26 um thick film is higher compared to that in the
2.9 ym film. This could be attributed to the grain sizes of the
corresponding films. As mentioned earlier, the grain sizes
for 2.9 and 26 um thick films are calculated to be 6.6 nm and
22.5nm, respectively, whereas the single domain size for the
Co hcp phase (dominant in all the films) is ~10 nm.”° For the
thicker film, the formation of the multi-domain structure
enhances the exchange interaction. The negative peak at
larger field for the 2.9um film could be caused due to the
demagnetization field of the grains.”* For the thinner 0.9 um
film, the inter-granular interaction is dipolar in nature. The
grains for the corresponding films are randomly oriented with
needle like shape as observed from the TEM image [Fig. 4(a)],
which could be the reason for such interaction.

Through the magnetic and structural analysis provided
so far, we can conclude that thick magnetic structures with
specific nano-meter sized (comparable to single domain size)
crystallites can be developed using the optimized PR deposi-
tion method which would be ideal for magnetic MEMS appli-
cations. In Sec. [V, we discuss the performance enhancement
of such devices from the design point of view.

IV. PATTERNED MICRO-MAGNET DEVELOPMENT FOR
MAGNETIC MEMS APPLICATIONS

In a number of integrated magnetic MEMS applications
such as sensors,”® actuators,” energy harvesting,****
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FIG. 9. (a) DCD vs IRM plot for 0.9 zm, 2.9 um, and 26 um thick CoPtP films. (b) Kelly-Henkel (Am plot) for the three films, respectively.

microfluidics,”*™*° etc., permanent magnets are used as the
source of magnetic field. The usage of magnetic force for dif-
ferent MEMS application is advantageous due to the fact that
no external power is required as in the case of piezoelectric-
ity or electrostatics. As already mentioned in the Introduction
section, CMOS compatible development of high energy
product (BHpmax) permanent magnets with thickness of the
order of microns to hundreds of microns is a key challenge.
However, the challenge extends beyond the development of
the nano-structured, high energy product magnetic material
and relates to the lack of intelligent design strategies. The
magnetic flux in a permanent magnet is decided by the
length between its poles. The magnetic flux density dimin-
ishes due to the demagnetization field, which acts to demag-
netize the magnet in a direction opposite to the direction of
the magnetization.”® As a result, the stray magnetic field
appears only from the edges of the magnet when a relatively
thin film/block of permanent magnet is used as the source of
magnetic field in a MEMS device and a large part of the mag-
netic material is wasted, affecting the performance of inte-
grated magnetic MEMS actuators/transducers. In this
section, we propose a novel design strategy through micro-
patterning for improving the performance of such magnetic
MEMS devices using the material property obtained from the
magnetic measurements of PR plated CoPtP hard magnets.
Finally, different micro-patterns of CoPtP are fabricated as a
combination of optical lithography and PR plating techniques
which will be suitable for potential MEMS based applications.
We propose to replace a block of permanent magnet by
micro-patterned array of magnets, diminishing the demag-
netization effect and enhancing the magnetic stray field. In
this case, the magnetic flux density can be intensified over a
small space due to increase of the edges of magnetic ele-
ments, which is shown quantitatively in Fig. 10 using FEM
simulation in COMSOL Multi Physics solver. In the simulation,
the total volumes of the whole block and square magnetic
array (including the interspace) are kept the same. For the
block, a 1x1mm? structure is assumed, while the thickness is
kept fixed at 10 um for all the simulations. In the case of the

patterned structure, 50 x 50 um? square shaped structures are
considered while the inter-space between successive pat-
terned elements is assumed to be 50 um as well. We assumed
ideal permanent magnets in all the simulations with uniform
magnetization throughout the structures and the magnetiza-
tion direction is perpendicular to the plane of the magnet. As
for the material, we have taken CoPtP permanent magnets
having coercivity (Hc) and remanent magnetic induction (Bg)
values of 268kA/m and 0.4 T which are in accordance with
the results obtained in Sec. III B. It is observed that the stray
field that appears is only from the edge of the magnets, which
validates the afore-mentioned theory. The scale bar is kept
same for both whole block and patterned magnets for even
comparison. While the largest magnetic flux density appears
at the edge region, which is about 0.4 mT, it is reduced almost
to zero in other regions. The magnetic flux density along a
line through the middle of the magnetic structures on the
surface of the magnets is also compared in Fig. 10. For the
block magnet, the maximum field is observed exactly above
the edge of the block magnets whereas the field reduces to
zero elsewhere. In the case of the patterned magnet, this
peak is observed at each edge of the patterned structure peri-
odically. The average magnetic flux density on the surface is
found to be 0.03 mT for the block magnet which dramatically
increases to 0.15mT for the micro-patterned case showing
the potential of micro-patterned magnets as a source of mag-
netic field in a range of MEMS applications. Different micro-
patterns of CoPtP permanent magnets are fabricated using a
combination of optical lithography and PR plating techniques.
The process to develop micro-patterned CoPtP magnets
starts by cleaning a blank silicon wafer in acetone, isopropyl
alcohol, and DI water. Then a Ti/Cu (20,/200 nm) seed layer
is sputtered on the wafer. The AZ9260 positive photoresist is
spun on the wafer and a 20 um thick resist layer is developed
using optimized double spinning process. After developing
the resist, the wafer is diced into four equal pieces and CoPtP
is electrodeposited in one of the pieces in a beaker containing
200 ml of the electrolytic bath using the PR plating technique
with the optimized deposition parameters described in
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demagnetization field. Both top view (on surface of the magnets) and cross-sectional view are shown. Plots below show the variation of magnetic flux density along a line

through the middle of the magnetic structures.

Sec. [l A. The SEM images of the developed micro-patterned
structures with a thickness of ~10um are shown in Fig. 11
confirming the high shape accuracy obtainable from the
micro-fabrication process. Since the pH of the bath is 8,
which is basic, it acts as a stripper for the photoresist. It is
observed that the resist profile is not maintained after long
plating durations. Hence, in a future optimization of the
process, either the mask (a bright-field mask could be used
for the same resist) or an alternative resist could be used
for developing thicker patterns of the CoPtP permanent
magnets which could be potentially integrated in future
magnetic MEMS devices.

Extending our analysis using FEM simulations, the mag-
netic flux density maps at an observation height of 10 um for
different square pattern structures for varying pattern
heights/thicknesses and pattern inter-spacing distances/gaps
are shown in Fig. 12. For smaller inter-spacing distance (10 um)
[Fig. 12(a)], the magnetostatic interaction between successive
pattern elements is very strong and significantly deteriorates
the stray field from the entire structure except at the edges.

Therefore, the patterned structures with smaller inter-spacing
gaps behave like block magnet as in the previous case. From
Fig. 12(a), we observe that the magnetic flux density intensifies
at the outer edges with an increase of pattern height due to
the increase in the magnetic volume. However, the inter-
spacing gap has stronger impact on the overall magnetic flux
density [Fig. 12(b)]. As the gap is increased from 10 to 100 um,
the edge effect from the individual pattern elements comes
into play. At large gaps, the patterns behave like individual ele-
ments as there is almost no contribution from neighboring
magnetic elements and regions of zero flux density are
observed in between the patterns.

To understand the effect of different parameters of the
patterned structures, such as length /width /diameter, height,
inter-spacing distance, and shape, detailed FEM simulations
have been performed. We have considered square and circu-
lar patterned structures. The side lengths of the squares and
the diameter of the circles are assumed to be 50 um while the
height of the patterns (or effectively the aspect ratio) is
varied. The average magnetic flux density (B,) is calculated at
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FIG. 11. Micro-fabricated patterned structures of the CoPtP magnetic material (a) 2500 x 50 um? stripes, (b) 100 x 50 um? rectangles, and (c) 50 x 50 um? squares. Each

pattern has a thickness of ~10 um.

10 um [Figs. 13(a) and 13(b)], 30 um [Figs. 13(c) and 13(d)], and
50um [Figs. 13(e) and 13(f)] distances above the magnet sur-
faces. It is to be noted that magnetic properties are depen-
dent on the thickness and varies with it. However, we have
considered same magnetic parameters for all our simulation
for simplicity of the analysis. Also, the feature sizes of each
pattern elements and separation between them are large
enough to avoid any nano-scale interactions such as inter-
element exchange coupling and dipolar interaction. In order
to calculate the magnetic flux density in COMSOL, a plane is
defined at the desired heights and surface average is calcu-
lated which determines the average magnetic field over the
entire plane at this height. For all the simulations, the total
area (including the gaps between successive patterned struc-
tures) is kept fixed to 1mm? The simulation results are shown
in Fig. 13. The average magnetic field variation for non-
patterned/continuous block structure is also included in
each plot as a reference. The corresponding inset figures
show the variation of B, for variation of inter-pattern spacing
distances for different aspect ratios (ARs = width /height). In
all cases, B, increases as the pattern height is increased due
to increase of total magnetic volume. In coherence with the
previous figure, the separation gap between the patterns
plays more prominent role in the design. At lower observation
height (10 um), the stray field is much stronger and is the
main area of interest. Here, the maximum B, is generated for
the 50 um inter-spacing gap, which is equal to the feature
size of the patterns, for most of the pattern heights (or alter-
natively for most ARs). The B, value drops on either increase
or decrease of the inter-spacing gaps. This can be explained
using the magnetic flux mapping of Fig. 12(b).

At 50um gap, the edge effect of the individual pattern
elements is shown, whereas there is still some overlap
between the stray field from neighboring patterns which lifts
the B, value. As the gap is increased, there are regions of no
flux density between successive patterns which reduces the
B.. For smaller gaps, the only significant flux arises from the
outer edges only with almost no flux from the inner regions

reducing the B, value. At 30 um observation height, the over-
lapping field distributions are too weak to reach. The more
intense fields from the edges of the patterns with larger
inter-spacing play a crucial role there and maximum B, is
observed for higher inter-spacing values. With further
increase of observation height (50 um), the patterns with the
lowest inter-spacing show the highest B,. In this case, most
stray fields are too feeble to reach such an observation
height. Possibly, the only contributing factor here is the unin-
terrupted fields from the extreme outer edges of the mag-
netic structures. At higher observation heights, the
inter-spacing gap plays a less significant role as B, does not
change noticeably for any of the ARs which is indicated in the
insets of Fig. 13. It is to be mentioned here that the volume of
the total magnetic material is being compromised as a result
of the micro-patterning. In order to maintain the same mag-
netic volume while laterally patterning the film/block, the
height of the individual pattern would have to be increased.
In some cases, this would become unrealistic to realize in
practice using conventional deposition methods like electro-
plating. Hence, we have kept the thickness of all the magnetic
structures same to develop a simple model while compromis-
ing on the magnetic volume. However, the advantage of
micro-patterning is still clear from our analysis.

Thus, it can be concluded that for many magnetic field
based MEMS devices, micro-patterning provides significant
advantages over a simple film/block of the magnet and most
of these advantages can be availed by keeping the target
object (micro-coil for magnetic actuators/transducers®”*?)
close to the patterned permanent magnets. In many other
applications, field uniformity is important (such as in the case
of microfluidics,**™*” where magnetic particles may get inad-
vertently trapped at each micro-magnet site). In such cases
also, the micro-patterning provides significant advantages
over the film/block of the magnet by maintaining uniform
field distribution over a relatively large area. At lower observa-
tion height, the maximum flux density is obtained for patterns
where the inter-spacing gap is comparable to the corresponding
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FIG. 12. Variation of the average magnetic field with pattern heights observed at a distance of 10 um above the surface of the patterned structures for different inter-pattern
gap values which are obtained using COMSOL Multiphysics simulations.

pattern feature sizes. The flux density changes in a compli- not occur for fabricated micro-magnet structures. Therefore,
cated manner with an increase in the observation height. One it would be ideal to experimentally measure the stray field
point to be mentioned is that we have considered ideal micro- from micro-magnets which is, however, out of scope of this

magnets with perfect conditions and geometries which may work. Such measurements along with the complete integration
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FIG. 13. Variation of the average magnetic field with pattern heights observed at a distance of [(a) and (b)] 10 um, [(c) and (d)] 30 um, and [(e) and (f)] 50 um above the
surface of the magnetic structures for different inter-pattern gap values. The same for the continuous block of magnet is also shown in each plot as a reference. The inset
shows the variation of average magnetic field as a function of inter-spacing distances of the patterns with different aspect ratios (ARs).

of the MEMS device incorporating the developed thick mag-
netic structures with optimized nano-crystallites, where the
design is underpinned by the analysis provided in this section,
can be attributed to the future work.

V. CONCLUSION

We have developed and characterized the structural and
magnetic properties of Co-rich CoPtP films electrodeposited
using optimized Pulse Reverse (PR) technique. By using a

combination of forward and reverse pulse times during deposi-
tion, the film stress is reduced significantly, which results in
smooth, crack-free films of thickness up to 26 um. The depos-
ited film of thickness ~3 um shows a coercivity of 268kA/m, a
remanence of 0.4 T, and a maximum energy product of 35kJ/m>
in the out-of-plane direction. As the thickness is increased up
to 26 um, the coercivity reduces due to the increase of grain
size and the Co content in the alloy structure. The in-plane
squareness factor increases by 1.5 times as the thickness is
increased, which results in an enhancement of the in-plane

J. Appl. Phys. 125, 023902 (2019); doi: 10.1063/1.5063860
Published under license by AIP Publishing.

125, 023902-13


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

remanence value. However, the variation in the hard magnetic
property due to the change of thickness is not significant,
which could be due to the unchanged atomic composition and
crystalline structure leveraged by the stabilization of the elec-
trolytic bath. The magnetization reversal behavior of the depos-
ited films indicates that the nature of magnetic interaction is
significantly influenced by the thickness of the films. The
dipolar interaction for the thinner films changes to exchange
coupling at a higher thickness due to the increase of grain size.

We also proposed an innovative design strategy to inte-
grate CoPtP in magnetic MEMS devices by micro-patterning
and analyzed the same using the finite element method. The
demagnetization fields of the magnetic elements are mini-
mized through optimized micro-patterned structures which
improve the viability of PR deposited CoPtP micro-magnets in
potential MEMS based applications.
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