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Abstract. In this work, p[anar micromachined spiral inductive structures 
with relatively high inductance at low (Hz-kHz) frequencies are designed and 
fabricated for integrated magnetic microactuator applications and other purposes. 
Two types of multilayer micromachined inductors have been investigated. me 
first structure is a standard planar inductor spiral. To this structure we have added 
an electroplated high-permeability nickeCiron (Ni/Fe) magnetic core, which forms 
a central core to concentrate flux and oompletely encapsulates the windings, 
thus minimizing magnetic intelference. For a typical 36-turn device 3 mm x 
3 mm in area, an inductance of approximately 20 pH was obtained. me structure 
with a magnetic core has an inductance four to fwe times greater than a similar 
structure without a magnetic core. The specific inductance of our structure 
(inductance per unit area) is 22 p H  mm-' at 10 kHz, which is one of the highest 
inductance values ever achieved in an integrated planar inductive component 
at low frequency. Since the structure of the spiral-type inductor is similar to 
those d planar magnetic microactuators such as micropumps, microvalves and 
microrelays, several low-frequency microactuator applications are expected to be 
Dossible with this inductor. 

1. Introduction 

Integrated-circuitampatible thin-lilm inductors have 
application in areas such as filters, oscillators, low-power 
converters, and on-chip generation of magnetic fields 
for magnetic microactuation. One difficulty with these 
Stmctures, however, is the relatively low inductances 
which can be achieved, typically of the order of hundreds 
of nanohenria (W) to several microhenries (pH). 
Due to the relatively low values of inductance, most 
previously fabricated structures have been operated in 
the VeIY-high-frequency regime, for example as passive 
components in microwave circuits. 

Several spiral-type inductive components have been 
reported previously. In these structures, spiral 
conductors are placed on an insulated substrate [l- 
31, a magnetic substrate [4,5l, or between top and 
bottom magnetic this films [6]. Due to the geometrid 
characteristics of the spiral, the fluxes generated in the 
absence of magnetic cores will be spread throughout 
the surface of the substrate. These fluxes are 
composed of two components which are either parallel 
or perpendicular to the surface [3]. Accordingly, it is 
diflicult to guide the magnetic flux to a specific point in 
such a structure without using a magnetic core. Such 
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flux guidance js required for magnetic microactuators 
such as those realized recently p, gl. 

One of the earlier applications of the spiral- 
type inductive components was integrated magnetic 
recording heads, which have been investigated since 
the 1970s. In the magnetic head, a stack of spiral 
conductors is deposited on the magnetic core layer, 
on top of which magnetic layers are successively 
deposited to build magnetic legs, completing a closed 
magnetic Circuit through the gaps [9, lo]. However, the 
magnetic heads have been optimized for non-actuator 
applications, and my not have the required flux 
generation capability and/or ament carrying capability 
for magnetic microactuators. 

Recently, new micromachining techniques have en- 
abled the realization of integrated inductive components 
[ll, 14, lq, magnetic microactuators [12-141, and mag- 
netic micropower devices [U, 161 which are bbricated 
on'a silicon substrate. There have been demands for 
new micromachined integrated inductive components 
which can be operated at low frequencies and have 
high inductance for magnetic flux generation as well as 
magnetic energy storage. In magnetic micropower de- 
v i e s  such as integrated DUDC converters or magnetic 
microactuators using a spiral inductor, many coil turns 
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Flgure 1. Schematic diagram of a spiral-type inductive Structure which has a closed magnetic circuit and 
a thick conductor line. 

are required to achieve a high inductance and a high 
magnetic flux density, which significantly increases the 
resistance of the conductor coils due to the increased 
coil length. Thus, the usefulness of this structure as 
a basic inductive component for magnetic microactua- 
tor applications depends on how the resistance of the 
conductor coils can be reduced, while achieving low 
reluctance in the magnetic circuits. Although a few 
magnetic microactuators with spiral inductive geometry 
without magnetic cores have been reported [7,8], such 
inductive structures cannot easily guide flux to a single 
point for microactuator applications. 

mere  are two major difficulties that must be 
overcome in order to improve the usefulness of 
this geometry. First, closed magnetic circuits must 
be completed using a thick magnetic material with 
high permeability to reduce magnetic reluctance and 
to minimize magnetic field interference (making the 
adhesion of the thick magnetic layer a concern). 
Second, the spiral conductor must have as small a 
resistance as possible to reduce power consumption in 
the conductors. 

In the work described in this paper, these limitations 
have been overcome by using micromachining fabrica- 
tion techniques to build a spiral-type inductive compo- 
nent that is composed of completely closed magnetic 
circuits and thick conductor lines. The magnetic flux 
generated from the spiral coils is confined by the closed 
magnetic circuit, which ensures better flux linkage be- 
tween spiral coils and the magnetic circuit, thus result- 
ing in a maximum inductance and minimum eleetromag- 
netic field interference (EMI). Considering the magnetic 
flux path in the spiral inductor, which is encapsulated 
with magnetic cores, the magnetic flux produced from 
the spiral coils will be concentrated at the centre core 
pole, flowing through the bottom core (or the top core), 
the outer core cylinder, and the top core (or the bottom 
core) in the series. If a small air gap is introduced be- 
tween the top core and the centre core pole, magnetic 
force can be generated at the air gap when a current 
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is applied to the spiral coils. Fortunately, air gaps and 
movable mechanical structures can be easily inserted in 
this structure as part of the magnetic circuit by using 
surface micromachining techniques and sacrificial lay- 
ers. If the top core is released from the top of the centre 
core pole as a movable membrane or a deflectable can- 
tilever beam, several planar microactuator applications 
of this inductor such as micropumps, microvalves, and 
microrelays are to be expected due to their structural 
similarities. Because of the large core reluctance in 
magnetic microactuaton, the magnetic reluctance due 
to a small air gap inserted in the closed magnetic cir- 
cuit is usually comparable to or less than magnetic core 
reluctance [12,14]. Thus, the air gap inserted in this ge- 
ometry may not break the tight flux linkage between the 
coils and the magnetic circuits, consequently reducing 
EMI. 

2. Devlce concept and model 

The major concerns in designing this type of inductor 
are to achieve a high inductance, a low coil 
resistance, and a low magnetic field interference, 
thereby maintaining a high Q factor. Increasing the 
number of spiral turns increases the inductance; a 
multilayer approach to increase the number of turns can 
be used. Upper and lower spirals are connected through 
a metal via connection in order to construct the double- 
layered planar spiral coils. If magnetic cores with a high 
permeability encapsulate double-layer spiral coils, thus 
constructing a closed magnetic circuit, the inductance 
value achieved is increased due to the low reluctance 
of the interlinked magnetic circuit between coils and 
cores. Accordingly, the magnetic field interference can 
be minimized, confining the magnetic fluxes to the 
closed magnetic circuit. A spiral structure design to 
satisfy these requirements is shown in figure 1, where 
spiral conductance lines arc completely encapsulated 



Figure 2 Schematic diagram of spiral inductor 10 be 
modeled. 

by an electroplated thick nickel-iron permalloy, thus 
closing the magnetic circuit. 

Kimura d nl [17] have presented a simplified model 
of double spiral coils for the inductance calculation of 
the closed outer core. Figure 2 shows a schematic 
diagram of the inductor to be modeled to determine 
its inductance value. ' b o  paths of magnetic flux are 
generated from the ith coil current in this model: one 
is through the closed magnetic core, which conlines the 
parallel component of generated magnetic field to the 
surface; the other encloses the ith coil through the 
air gap located between the upper and lower cores, 
which confines the vertical component of the generated 
magnetic field to the surface. TI calculate the mutual 
inductance that exists between the ith and jthe coils, a 
magnetic reluctance for the lint path, path 1, is defined 
as RI. The magnetic reluctances for the second, path 2, 
in terms of the ith and j th  coils are defined as R , j l  

for i 6 j and R;;z for i 2 j respectively. If the double 
spiral layers have N spiral turns on each level, the 
inductance L1 in path 1 is given as: 

Li = (2N)'/Ri. ( 1) 

The inductance, Lz, in path 2 is expressed as: 

N I l  N 

L2=4C(Cji;;;+ j =1  i= l  i = j + l  c L). Rij' (2) 

11 { 

The internal self-inductance of the coil, Li, can be 
written as: 

where It  denotes the total length of the double-layer 
coil which can be simply defined from figure 2 as: 

W-1) 

l t  = 2  3(2c+4w)+ c [(Zc+4w)+2w(i-l) . 

Finally, the total inductance L obtained from the 

Li = (po/4~) l t /2  (3) 

i=U 
( 4) 

summation of these inductances can be expressed as: 

L = L1+ L2 + Li. ( 5) 

It is useful to substitute typical micromachining 
geometries into the above model. Fbr a = 1346 pm, 
c = 508 pm, d = 30 pm, N = 18.5, t ,  = 8 pm, 

Planar micromachlned spiral lnductw 

Table 1. Electrical parameters measured and 
evaluated from dMerent geometries of spiral 
inductor. The device types refer to differing design 
parameters d the Inductors. 

Geometry A-type  type Giype 

N (turns) 18 21 14.5 
a bm) 1346 4139 5270 
c bm) 508 1586 2348 
d ( rm)  30 30 30 
tm ( rm)  8 10 10 
w (pm) 12.5 50 62.5 
11 ( rm)  532 1687 2474 

200 200 200 tfk, bH) 24.71 40.95 21.33 
L,, (uH) 
(at 10 kHz) 20.0 20.5 13.5 
R d  (a) 200.4 180.5 123.15 
Rm, (a) 
(at 10 kHz) 295.3 214.8 142.9 

and w = 12.5 pm, the evaluated inductances are LI 
= 14.5 pH, L2 = 10.2 pH, Li = 0.01 pH, and L 
= 24.71 pH, where a relative permeability of 200 is 
assumed. From these calculated values, it is interesting 
to note that the inductance value resulting from path 2, 
including the air gaps, has a value almost comparable to 
that resulting from path 1 through the closed magnetic 
circuits. The inductance values evaluated from different 
geometries of the spiral inductor using this model are 
listed in table 1. 

The resistance of the double-layered spiral coils 
can be calculated using the total spiral length from 
equation (4), 

where p is the resistivity of the conductor which is 
assumed to be approximately 3.5 pR cm, w and 
t denote the Width and the thickness of conductor 
respectively. The resistance evaluated from equation (6) 
is about 202.5 R. 

From equations (5) and (6), the Q factor of this 
inductor can be expressed as: 

R = pl t /wt  (6) 

Q = w L / R .  ( 7) 

From (6) it is evident that when the thickness of the 
conductor lines is increased, the conductor resistance is 
reduced. Also, L1 and Lt are not greatly affected 
by gap variation between the upper and the lower 
cores resulting from variation of conductor thickness. 
As a result, the increase in Q-factor resulting from 
increasing the conductor thickness is due mainly to the 
decrease of conductor resistance. Unfortunately, the 
achievable double-layered spiral conductor thickness is 
fabrication-limited, since the thick conductors produce 
a poor surface planarization which causes difficulties 
in the photolithography process for the next layer. The 
relationship between the conductor thickness and the Q- 
factor using the equations above are shown in figure 3, 
which shows that the Q-factor increases almost linearly 
as the thickness of the conductor is increased. 
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Flgure 3. inductance and Q-factor calculated as a function 
of conductor thickness, which shws that the Q-factor is 
increased almost linearly as the thickness d the conductor 
is increased. 

Figure 4. Inductance and Q-factor calculated as a 
function d mnductor width W for a fked inductor area. 
The roughness in the above culves reflects the discrete 
quantization d the number d conductor turns as W is 
varied. 

If the thickness of the closed magnetic core is 
increased, the resulting inductance value L1 is also 
increased, since the magnetic reluctance in path 1 is 
decreased. The Q-factor is affected by L1, since it 
is a function of the thickness of the closed magnetic 
core. From this evaluation, it is found that both the 
inductance value and the Q-factor increase when the 
thickness of the magnetic core is increased. 

When a planar inductive component is fabricated 
monolithically with integrated circuits, the area 
occupied by the planar inductive component must be 
limited. In a given area (Le. for the given length of 
a in this model), the number of spiral-coil turns and 
the resistance are varied as the conductor width ( w )  is 
changed. The dimension of the center magnetic core 
(i.e. defined as c in this model) also affects the area that 
can be occupied by the conductors. Using equations (6) 
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Figure 5. Fabrication sequence of the test samples for the 
in situ measurement of magnetic propenies: (a) sacrificial 
layer and polyimide deposition; (b) cavity etching; (c) 
NiGe plating; (d) polyimide etching; (e) Ni-Fe release. 

and (7), &-factors can be evaluated by changing w for 
the fixed area, and this is plotted in figure 4. From this 
evaluation it is verified that the Q-factor has a larger 
value for smaller conductor widths. The inductance 
value is proportional to the square of the number of 
coil turns (i.e. the square of the width variation) but the 
resistance is linearly proportional to the width variation. 
B find the maximum Q-factor for a conductor width 
w at the optimized dimension of c, w is varied from 
2 pm to a quarter of a (which ensures at least two spiral 
turns). The Q-factor has maximum values at around c 
= 216 p m  and w = 100 pm for a typical device 3 mm 
x 3 mm in area. 

The following considerations affect the choice of 
dimensions to achieve a maximized Q-factor for a given 
area: (i) the Q-factor increases with the conductor 
thickness; (ii) the Q-factor increases with the core 
thickness; (iii) the Q-factor increases as the conductor 
width decreases; (iv) there is an optimal conductor width 
for a given center core width and area. 

3. Magnetic material deposit1011 and 
characterization 

In designing a planar inductive component, magnetic 
material properties measured from bulk-type magnetic 



mbie 2 Composition of the Ni-Fe 
electroplating solution. 

Component Quantity (g I-') 

NiSO4.6HzO 200 
FeS04.7Hz0 8 
NiCI2.6H2O 5 
H3 BO3 25 
Saccharin 3 

samples may not be useful since the magnetic properties 
may depend on film geometry, thickness, and size. 
Thus, before designing a planar inductor, the magnetic 
properties of the thin film-type core should be 
understood. In measuring the properties of a magnetic 
film used for micromagnetic structures, it is important 
to remember that the properties of interest must be 
measured in-situ; that is, on as-deposited films. 

Of the soft magnetic materials available, nickel- 
iron permalloy has been identilied as a promising 
magnetic material and has been used in a variety 
of magnetic film applications, since. it has favorable 
magnetic [18,19] as well as mechanical [20] properties. 
In prticular, the Ni (81%)/Fe(19%) composition film 
can meet the requirements for magnetic microactuator 
applications, because this composition allows the 
simultaneous achievement of maximum permeability, 
minimum mercive force, minimum anisotropy field, 
and maximum mechanical hardness. Ni(Sl%)IFe(19%) 
permalloy can be deposited by using either evaporation 
or electroplating; in this research the latter technique 
is adopted due to the cost advantage in making a film 
of several tens of pm in thickness. A plating bath was 
built using the compositions shown in table 2 [1%19]. 

'Est samples were prepared using surface micro- 
machining techniques to meet the in-situ measurement 
requirement. The fabrication sequence used, which is 
similar to the fabrication steps described later in this 
paper, is shown in figure 5. This fabrication was per- 
formed using the fabrication mask sets also to be used in 
the fabrication of actual magnetic components. Thus, 
the prepared test samples had exactly the same sizes 
and the geometries as the magnetic films used in the 
micromachined magnetic components. The geometry of 
test samples prepared for in-sifu measurement in this re- 
search was of thin-film type, and the same as that of the 
bottom magnetic core of the inductor to be fabricated. 

The measurements of the material B-H curves 
were obtained from magnetization versus applied field 
curves obtained using a susceptometer-magnetometer 
(model '722.5, Lake Shore Cryotronics Inc). Figure 6 
illustrates the results of the high-field measurements 
for the thin-film type geometry. From the B-H values 
calculated from the values shown in figure 6, the thin- 
film type magnetic core is Saturated at approximately 
0.65 T and the evaluated relative permeability pr 
is approximately 15LL300 in the linear region. We 
have measured pr from 100-900 using this technique. 
It should be emphasized that the above calculation 
assumes zero demagnetization effect. Note that 

Planar micromachined spiral inductor 

Figure 6. Magnetization (emu g-') as a function of 
applied M: field (09) using the high-field MaSuRmentS 
for the thin-film hr~e core. 

Flgure 7. Fabrication sequence of the planar-spiral 
inductive component: (a) polyimide deposition; (b) 
bottom magnetic mre plating; (c) patterning lower spiral 
conductor; (d) patterning upper spiral conductor; (e) 
magnetic core wall plating; (f) top magnetic core platlng. 

the relative permeability and flux saturation at high 
frequencies may have different values from those 
obtained at low frequencies in this section. 

4. Fabrication 

The fabrication steps of this component are shown in 
figure 7. The process started with oxidized (0.6 pm) 
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Figure 8. Photomicrograph of the fabricated planarspiral 
inductive component with an encapsulating magnetic 
core. 

three-inch (100) silicon wafers as a substrate. Onto 
this substrate, 2000 A of titanium was deposited as an 
electroplating seed layer using DC sputtering. Polyimide 
pupon t  PI-2611) was then spun onto the wafer to 
build electroplating molds for the bottom magnetic 
core. Three coats were used to obtain a thick polyimide 
film. Each coat was cast at 3000 rpm, and soft baked 
for 10 min at 120 OC prior to the application of 
the next mat. After the deposition of all coats, the 
polyimide was cured at 350 OC for 1 h in nitrogen, 
yielding an after-cure thickness of 9 pm. Holes were 
etched in this polyimide using a 10% CF4/02 plasma 
etch and an aluminium hard mask until the titanium 
seed layer was exposed. The electroplating forms 
were then filled with a Ni(81%)/Fe(19%) pemalloy 
using standard electroplating techniques and the Ni-Fe 
electroplating bath described in table 2. 'RI electroplate 
the bottom magnetic cores, electrical contact was made 
to the seed layer, and the wafers were immersed in 
the plating solution. During the electroplating, the 
solution was maintained at room temperature and a pH 
of approximately 27, and was stirred very slowly with 
a 'kflon propeller blade. An applied current density 
of 5 mA an-' resulted in a electroplating rate of 0.3- 
0.4 pm min-'. In order to insulate the bottom magnetic 
core from the conductor coil, polyimide was spin-coated 
(as above) at 4ooo rpm, and hard-cured at 350 OC for 
1 h. 

For the lower spiral conductor, 7 pm of aluminium 
was DC sputtered onto the polyimide and patterned 
using conventional lithography and phosphoric-acetic- 
nitric (PAN) aluminium etching solution. In order 
to insulate the conductor line and replanarize the 
surface, more polyimide was deposited in multiple 
coats (as described above). TWO coats of polyimide 
were deposited and cured as described above, yielding 
approximately 6 pm of polyimide. 'Ib connect the lower 
spiral coils to the upper spiral mils, a via hole was 
then dryetched through the polyimide layer using 100% 
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Flgure 9. Photomicrograph of the inductive components 
with (left side) or without (right side) a magnetic mre, 
where both components are fabricated simunaneously on 
the same substrate. 

oxygen plasma and an aluminium hard mask. After 
removing the aluminium hard mask, 7 pm of aluminium 
was DC sputtered and patterned again as described for 
the lower spiral coils. TWO coats of polyimide were 
deposited and cured, achieving an insulator for the 
conductor and a planarized surface. 

'lb complete a closed magnetic circuit, magnetic vias 
were etched both at the center and at the outside of 
the spiral coils using the same technique as described 
above. Upon completion of the via etch, the surface 
of the magnetic core was oxidized because the bottom 
magnetic core was exposed to the oxygen plasma during 
dry etching. 'Ib remove the oxide film, the exposed 
areas of the bottom magnetic cores were etched in a 
2% hydrofluoric acid solution for U) s. Contact was 
then made to the bottom magnetic core, and the vias 
were Idled with Ni-Fe using the electroplating bath and 
conditions described previously. Upon completing of 
the electroplating, the magnetic vias were coated with a 
single layer of polyimide spun on the wafer at 5000 rpm 
and cured. 

The top magnetic core was then plated over the 
magnetic vias, completing the magnetic circuit. 'RI 
electroplate the top cores, an evaporated nickel seed 
layer was defined between the magnetic vias using 
a lift-off technique. After the construction of the 
photoresist plating mold, top magnetic cores were plated 
using the electroplating conditions described above. 
Bonding pads were then opened though polyimide 
layers for the electrical test using the via etch process 
sequence described earlier. The photomicrographs 
of the fabricated spiral inductive components with or 
without an encapsulating magnetic core are shown in 
figures 8 and 9 respectively. The scanning electron 
micrograph of the structure with a magnetic core is 
shown in figure 10, which was taken after dry-etching 
of the polyimide. Finally, samples were diced into chips 
for bonding and testing as shown in figure 11. 

5. Device performance 

For a typical %-turn device 3 mm x 3 mm in area, 
an inductance of approximately 20 pH was obtained 
at 10 kHz. A plot of inductance versus frequency 
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Figure 10. Scanning electron micrograph of a section of 
the fabricated spiral-type inductor with a magnetic core. 

Figure 11. Photomicrograph of the fabricated inductor 
mounted on the chip carrier. 

for two planar spiral inductor structures, one with 
a magnetic core and the other without a magnetic 
core, is shown in figure 12. The magnetic core has 
increased the inductance by a factor of 4-5 compared 
with the structure without the magnetic cores. The 
obtained inductance of 2.2 pH mm-' at 10 lrHz is 
one of the highest inductance values that has been 
achieved in an integrated planar inductive component. 
It should be noted that the increase in inductance falls 
off at frequencies above 3 MHz, presumably due to 
the decreasing permeability of the Ni-Fe permalloy at 
higher frequencies. 'RI reduce the conductor resistance, 
aluminium was deposited using DC sputtering to a 
thickness of 7 pm, which still allowed subsequent planar 

Figure 12. Measured inductance with magnetic cores or 
without my magnetic material as a function of frequency. 

Figure 13. Equivalent circuk of the spiral-type inductor for 
electrical parameter evaluation. 

processing without any difticulty. Double layers of 
spiral coils were connected through a metal via contact 
to increase the coil tums. In spite of the conductor 
thickness, the measured conductor resistance was still 
as high as approximately 300 Cl which disagrees with 
the calculated value of 200 $2. This discrepancy is 
presumably due to high via contact resistance as well 
as long conductor leads to the bonding pad. There 
are several factors which determine the Q value of 
miniaturized inductive components encapsulated by a 
magnetic core. As evaluated in the previous section, Q 
values are affected by conductor thickness and width and 
by the thickness of the magnetic core. The optimized 
geometric values for a maximum Q factor from the 
previous section will be useful in the design of this 
inductive component The achievable maximum Q 
factor at low frequencies around 10 lcHz from the 
optimized geometry is expected to be 10-20. However, 
in realizing an actual magnetic microactuator using 
the spiral inductor with magnetic cores, the highest Q 
factor may not be as important as the lowest conductor 
resistance. 

In order to evaluate the capacitance of the inductor, 
an equivalent circuit was assumed as shown in figure 13, 
and the resistance and stray capacitance of the inductor 
were derived from the measured impedance and phase 
as a function of kequency using equivalent circuit 
analysis. From this analysis for a typical %-turn, 3 mm 
x 3 mm inductor, the stray capacitance was shown to 
be in the several tens of picolhrads, and to have a 
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negligibly small effect over the low frequency ranges 
used. The electrical parameters measured and evaluated 
from different geometries of spiral inductor are listed 
in table 1, and are compared with the values predicted 
by the device model described earlier. Theory and 
experiment show a reasonable match in the smaller 
sized devices, but the discrepancy slightly increases as 
the size of the inductor is increased. 

6. Conclusions 

In this work we have designed and fabricated planar 
micromachined inductive components with relatively 
high inductance at low W-kHz) frequencies for 
integrated magnetic microactuator applications and 
other purposes. WO types of multilayer micromachined 
inductors have been investigated. The first structure is 
a standard planar inductor spiral without a magnetic 
core. We have added to this structure an electroplated 
high-permeability Ni-Fe central magnetic core, which 
concentrates flux and completely encapsulates the 
windings, thus " i i g  magnetic interference. For 
a typical %-turn device 3 mm x 3 mm in area, an 
inductance of approximately 20 pH was obtained. The 
presence of a magnetic core increases the inductance 
with respect to similar structure without a magnetic core 
by a factor of 4-5. This increase, although significant, 
is less than expected due to the winding-to-winding 
leakage flux. It should also be noted that the increase 
in inductance falls off at higher frequencies, presumably 
due to the decreasing permeability of the Ni-Fe core 
at high frequencies. The specific inductance of this 
structure (inductance per unit area) is 22 p H  at 
10 kHz, which is one of the highest inductance =lues 
achieved in an integrated planar inductive component 
at low frequency. 
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