

















This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

LI et al.: THICK MULTILAYERED MICROMACHINED PERMANENT MAGNETS WITH PRESERVED MAGNETIC PROPERTIES 7

25
(a)

24
: by 1
22

21

o] 4

19 1

18T
17 b

(BH) gy [k1/m?]

te, [um]
1
53 | (b c
(b) 0.98 (c) ®
_ >t + + 0.96 +
E» — 094 *
B E 7 e
= 47 o 0.92
T ’
45 + 0.9
43 ‘+ 0.88
41 . { 0.86 t
0 0.5 1 0 0.5 1
te, [Um] tey [m]
Fig. 12. (a) Maximum magnetic energy density; (b) coercivity; and (c) rema-

nence as a function of Cu interlayer thicknesses in [CoNiP(1xm)/Cu(tcy )]s
microlaminations.

continuous grain growth seen in 5 um single layer is disrupted
by removing and replacing the sample out of and into the
plating bath every 1 um of deposition.

The corresponding magnetic  properties of the
[CoNiP(1 um)/Cu(tc,)]s microlaminations with various
Cu interlayer thicknesses were characterized using VSM
and the results are summarized in Figure 12. It can be
seen that both energy density (Figure 12(a)) and coercivity
(Figure 12(b)) curves follow an inverse trend with grain
size (Figure 11) and surface roughness (Figure 8) plots:
the increase of the Cu interlayer thicknesses (decrease of
interface roughness and decrease of grain size) improves the
coercivity (by 18%) and maximum magnetic energy density
(by 29%). Comparatively, the remanence (Figure 12 (c))
is relatively unchanged (with deviation < 7%). Moreover,
special attention should be given to the points of 0 xum Cu
interlayer in Figure 12. An important implication associated
with these points is that solely interrupting electrodeposition
periodically does not improve the performance of the
micromagnet; incorporation of the planarizing interlayer is
key to the success of the proposed process.

The interplay between grain size and coercivity of a crys-
talline magnetic material could be understood by a theoretical
model proposed by Herzer [35]. This model suggests that
the competition between local magnetic anisotropy energy
and ferromagnetic exchange energy determines the magnetic
properties of an assembly of grains. For large grains, magneto-
crystalline anisotropy dominates and coercivity is propor-
tional to I/D where D is the grain size. For small grains,
exchange interaction dominates and averages out locally fluc-
tuating anisotropies so that only a small anisotropy net-effect
exists. In the latter scenario, coercivity is proportional to D°.

The dividing gain size is equal to the ferromagnetic exchange
length (2):

Lex = m (2)

where A denotes the exchange stiffness and K is the
magneto-crystalline anisotropy constant. For CoNiP, A is
in the range of 1.0x107® to 1.3x107° erg/cm [36]
(1.0x107'" to 1.3x107!" J/m) and K, is approximately
510 kJ/m?> [2], [29]. The dividing grain size hence is calculated
to be approximately 5 nm, smaller than the grain size range
(16-24 nm) in our system, which explains the observed inverse
correlation between the grain size and coercivity.

C. Residual Stress Reduction on Laminated Micromagnets

Many hard magnetic films exhibit increased residual stress
as their magnetic hardness increases [9]. Additional stresses
could be introduced during deposition. For example, in the
case of CoNiP, it is believed that hydrogen evolution during
hypophosphite (Phosphorus source in CoNiP) oxidation and
the parallel chemical reduction of the metal ion is a cause of
the tensile stress in the films [29]. Stress releasing methods
in electroplated magnetic films have been discussed in the
past, including (not limited to) controlling the DC current
density, the concentration of stress-relieving additives in the
electroplating bath [10], and the use of pulse-reverse plating
technique [11]. While effective in stress reduction as these
methods could be, it is well known that magnetic properties
(magnetic anisotropy, remanence, coercivity and etc.) of the
plated films are highly sensitive to the plating conditions such
as the current densities and bath additives [9], [19], [29], [31].
For some applications where the magnetic properties are pre-
determined (e.g. in-plane magnetization with high remanence),
stress reduction via variation of plating parameters is fairly
constrained. One alternative approach, is to stack the desired
thin film with other auxiliary thin films with compensating
stress conditions (very low stress or negative-signed stress
as compared with the residual stress of the films of interest)
into bilayer [15], sandwich [9] or multilayer [16] configura-
tions, such that the overall stress condition in the deposited
films is improved. Several previous studies [11], [17] have
shown that the average stress of a multilayer structure can be
calculated (by Equation (3)) as an individual-layer-thickness-
weighted average stress under the assumption of small total
film thickness (as compared with substrate thickness) and that
individual layer material operates in the linear elastic regime.
In Equation (3), o ¢, oconip, and o¢, are the average residual
stress in the multilayer film, in the CoNiP component layers
and in the copper component layers, respectively; T, tconip,
and tc, are the same as defined previously.

OCoNiPICoNiP +  OculCu
oy = . 3)
To verify the application of equation (3) to the
[CoNiP(tconip)/Cu(tcy)]n system, the residual stress of the
deposited single layer and microlamination films were esti-

mated using Stoney equation (4):
1 E 1
T 6R1 -t f
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TABLE 11
MEASURED RESIDUAL STRESS OF VARIOUS FILMS

Film type Thickness (um) Measured stress* (MPa)
CoNiP, single Layer i | 170
CoNiP, single Layer 5 189
Cu, single Layer 1 -1.65
[CoNiP/Cu]s, microlaminations  [(1um)/(1um)]s 82.0

* Positive stress being tensile

where o denotes the average film stress; #; and ¢ are thick-
ness of the substrate and film, respectively; R is the measured
radius of wafer curvature by a stylus profiler, E; and vy denote
the Young’s modulus and Poisson’s ratio of the substrate,
respectively. The results of the estimated residual stress of
various films are listed in Table II. The relatively low stressed
(1.65 MPa, compressive) Cu interlamination layer reduces
the measured residual stress of the [CoNiP(1xm)/Cu(1um)]s
microlamination (82.0 MPa, tensile) to approximately half that
of a 1um single layer (170 MPa, tensile) and less than half
that of a Sum single layer (189 MPa, tensile). Note that the
measured stress value of the microlamination is very similar
(< 2.5%) to the one calculated using Equation (3).

D. Highly Laminated Permanent Micromagnets

The advantages of the micolaminated permanent magnets
over their non-laminated counterparts can be demonstrated
in two scenarios: 1) the total magnetic thickness (7p7) of
the permanent micromagnets is of concern, and 2) the total
thickness (7") is of concern. To differentiate between the
achievable energies of these two scenarios, E1 will be defined
as the total magnetic energy per unit area in the former
scenario, while E, will be defined as the total magnetic energy
per unit area in the latter scenario.

Due to the high residual stresses often present in hard
magnetic films as described above [9], [10], together with
the fact that total strain energy in the films increases with
increasing film thickness, film delamination [11] could limit
the achievable total magnetic thickness (and therefore energy)
of these small-scale integrated magnets. In this case, total
magnetic thickness (fjs) instead of total thickness (7) is
the relevant/limiting thickness for comparing the magnetic
properties of laminated and non-laminated magnets. The
strategy of lamination design in this case is to 1) increase
the mechanical stability (e.g. reduce average stress), and
2) retain the magnetic properties of the component mag-
netic thin film as much as possible. Both of these can be
achieved by relatively thicker Cu interlayers (Table II and
Figure 12). Here, [CoNiP(1xm)/Cu(lxm)], microlaminated
magnets up to n=80 have been fabricated. Figure 13 compares
the in-plane maximum magnetic energy density ((BH)nayx)
as a function of total magnetic thickness (#p) for vari-
ous [CoNiP(1xm)/Cu(lxm)], microlaminations and CoNiP
single layer films. It is evident that the (BH),qx of the CoNiP
is well-retained in the microlamination configuration up to a
total magnetic thickness of 80 um, while a single 80 um
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Fig. 13.  Comparison of the in-plane maximum magnetic energy density

as a function of the total magnetic thicknesses (#y;) for various
[CoNiP(1xm)/Cu(1xm)], microlaminations and CoNiP single layer films.

thick CoNiP film shows substantial degradation of (BH);4x-
(BH)pmax as high as 16.2 kJ/m3 was achieved even at a large
magnetic thickness of 80 xm, an approximately 30% improve-
ment over single layered CoNiP films of the same magnetic
thickness. Because magnetic thickness (#j7) is the limiting
thickness, in this case, the maximum achievable total magnetic
energy per unit area (E1) can then be defined in Equation (5).
Hence, Figure 13 indicates that, in a given footprint, the
laminated micromagnets show a higher achievable total mag-
netic energy over their single-layered counterparts. Although
substantially improved overall, the properties of the magnetic
layers are not completely retained in the microlamination,
potentially due to incomplete planarization (Figure 8), which
is accentuated as the number of layers (n) increases. Further
increasing the interlayer thickness could potentially further
improve the performance while simultaneously further reduc-
ing the residual stress, at the expense of the process duration.

Ey =1ty - (BH)max ®)

For applications where the overall thickness T is constrained
(e.g., in the case of embedded MEMS where the MEMS mod-
ule resides inside a silicon trench), the optimization tradeoff
between allowable fill factor (y), tolerable average residual
stress and achievable (BH ), should be considered in the
lamination design. As the total thickness (T) is constrained,
the reduction of the total interlayer thickness (t7), though
retaining less individual layer magnetic properties, will be
compensated by the increase of total magnetic thickness
ty(y = T — t;) and hence may act to enhance the total
achievable magnetic energy per unit area E,. The strategy
of lamination design in this case is to balance this above
mentioned opposing effect of the increased fill factor (y).
A few examples of the possible designs of the lamination
configurations are shown in Figure 14, which compares the in-
plane fill factor modified maximum magnetic energy density
(y * (BH)max) as a function of total thickness (7)) for
various [CoNiP(1xm)/Cu(tcy)]n, microlaminations and CoNiP
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Fig. 14.  Comparison of the in-plane fill factor modified maximum mag-

netic energy density (y*(BH)mqx) measured as a function of the total
thicknesses (7) for various [CoNiP(1xm)/Cu(lxm)], microlaminations and
CoNiP single layer films.

single layer films. The fill factor of each example can be
seen in the secondary axis on right of the figure. Note that
total thickness (7') instead of total magnetic thickness (#p7)
is the relevant/limiting thickness in this case, and the fill
factor (y) of single-layered magnetic films is 100%. Because
total thickness (7') is the limiting thickness, in this case, the
maximum achievable total magnetic energy per unit area (E3)
can be defined in Equation (6). As can be seen in Figure 14,
in a given footprint, laminated micromagnets with a proper
choice of fill factor could also outcompete their single-layered
counterparts in terms of achievable total magnetic energy in
the case where total thickness is constrained.

Er=T:y (BH)max (6)

VI. CONCLUSIONS

A microlaminated MEMS permanent magnet enabled by a
fully-integrated, CMOS-compatible fabrication approach uti-
lizing the technique of sequential multilayer electroplating
has been successfully demonstrated. Due to the preserved
individual component magnetic layer properties and reduced
average stress possessed in these films, the thick, microlam-
inated magnets showed an improved total magnetic energy
as compared with their non-laminated counterparts. The key
to retain the superior magnetic properties of thin films in
thick laminations is the low surface roughness of the inter-
face between the magnetic layers, which in turn reduces
the grain size and improves the coercivity of the magnetic
component layers. Depending on the application of these
permanent micromagnets in various MEMS devices, individual
component layer (magnetic and non-magnetic) thicknesses and
hence the fill factor could be adjusted to balance the achievable
(BH)pmax, tolerable average residual stress and allowable total
thickness constrains if required. The demonstrated fabrication
approach has the potential for application to other permanent
magnetic material systems with higher intrinsic properties to
further increase the total magnetic energy possessed in these
micromagnets.
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