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Abstract:

On-chip inductors are crucial for enhancing the functionality of microelectronic devices, particularly in
wireless communication. Still, traditional designs often lead to increased chip size and reduced performance
due to their bulkiness and integration challenges. By utilizing an electromagnetic (EM) simulation tool, this
research presents a novel on-chip inductor design optimized for 65 nm CMOS technology, achieving an
inductance of 3.2 nH with a Q-factor of 15.31 at 1.7 GHz. The primary contributor to the Q-factor enhancement
is the layout optimization techniques, which improve the Q-factor by approximately 21%. Additionally,
further improvements in inductance and Q-factor are achieved by integrating Nickel Zinc Cobalt-based
ferroelectric liquid materials into the simulation stack-up layer. This material stack-up serves as a secondary
contributor, enhancing the magnetic properties of the inductor and increasing the Q-factor to 15.83 which
is an additional 6% improvement over the proposed design. The proposed layout optimization and material
innovations demonstrate the potential for achieving higher inductance values and Q-factors, effectively
addressing the limitations of conventional methods. The results highlight the feasibility of incorporating
advanced materials in on-chip inductor design, paving the way for next-generation RF integrated circuits that
meet the growing demands for miniaturization and energy efficiency in modern electronics.
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1. Introduction

In wireless communication, capacitors and inductors are
frequency selection’s most significant reactive components.
Out of these two reactive components, the inductor occu-
pies a significant size of the entire chip area. As a result,
any RF circuits containing passive inductors such as the
voltage-controlled oscillator (VCO) [1], low-noise amplifier
(LNA) [2, 3], filter, and power dividers consume immense
chip size. The realization of high-quality factor (Q-factor)
on-chip inductor is important for several efficient RF cir-
cuit designs such as impedance matching networks, LC
resonators, filters, and power combiners and dividers [4].

On-chip inductor design and manufacturing saw tremen-

dous advancements in the 1990s and 2000s. As one of the
very latest findings, an LC-VCO architecture incorporating
a novel tunable active inductor using 90 nm gpdk tech-
nology for wireless communication systems is proposed
which achieved the Q-factor of 3040 at 8.1 GHz and a low
inductance of 2.26 nH in simulation [5]. To improve the
performances, researchers experimented with various ma-
terials and layout shapes. Researches are now focusing in
developing tunable inductors which are able to fine-tune the
inductance value after fabrication, offering flexibility and
reliability [6]. Thicker metal layers are typically used to
sustain high current flow and to achieve high Q-factor. The
Q-factor was increased by using wider metal layers, which
reduce the series resistance of the inductor. The design
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of multi-layer inductors was another implemented concept
accomplished by vertically stacking several metal layers
to achieve larger inductance values without appreciably
expanding the area. Patterned ground shielding (PGS) inser-
tion was another implementation that integrated a shield of
metal patterns between the inductor and the silicon substrate
to reduce substrate losses and increase the Q-factor. How-
ever, the optimal PGS solutions and corresponding suitable
frequency ranges for inductors of different inductances are
still being researched [7]. Extensive analysis revealed that
the shield can improve the Q-factor only of the inductor
operated at the lowest frequency [8]. Deep Reactive lon
Etching (DRIE) of silicon enables the microfabrication of
high-aspect-ratio structures (HARS), which, in turn, permits
the fabrication of devices able to span from 100 to 1000 um
[9].

Today, high-aspect-ratio structures are made possible by
sophisticated semiconductor production methods like DRIE
and electroplating, which further enhance the performance
of on-chip inductors. These methods reduced parasitic
effects and provided more control over the geometry of
the inductor. It was possible to produce RFICs with inte-
grated passive components in large quantities. This inte-
gration made the widespread use of wireless technologies
like Wi-Fi, Bluetooth, and cellular communication possi-
ble. Recently, more complex on-chip inductors have been
made possible by applying microelectromechanical sys-
tems (MEMS) technology [10]. By suspending the induc-
tor structure above the substrate, MEMS-based inductors
can achieve greater Q-factors and inductance values while
minimizing substrate losses. Due to material science and
nanotechnology developments, novel materials, including
graphene and other 2D materials, are being investigated for
on-chip inductors [11]. Also, materials such as FeCoB films
with a self-biased ferromagnetic frequency up to 21 GHz
are deposited on Si substrates using the compositional gra-
dient sputtering method as a magnetic underlayer to realize
an on chip inductor [12]. These materials can potentially
revolutionize the design of on-chip inductors due to their
improved electrical characteristics.

Predicting the behaviour of on-chip inductors in integrated
circuits can be done more simply and insightfully with
the help of analytical models. These models compromise
computational efficiency and accuracy because they rely
on mathematical equations derived from basic concepts in
circuit theory and electromagnetics. They are especially
helpful for understanding inductor behaviour qualitatively
and in the early design phases. On-chip inductors typically
consist of a spiral-shaped metal trace and their performance
is characterized by key parameters like inductance (L), Q-
factor (Q), and self-resonant frequency (SRF). Analytical
models aim to express these parameters regarding the induc-
tor’s geometric dimensions and material properties [13, 14].
It is possible to determine the inductance of an on-chip spi-
ral inductor by applying simplified formulas that come from
magnetic field theory. The modified Wheeler formula [13],
which is frequently applied to square spiral inductors, is:
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where L is the inductance in Henries (H), ut is the permeabil-
ity of free space (Wb/A-m) (47 x 10~7 H/m), n is the num-
ber of turns in the spiral. p is the fill ratio (describes how
“tightly packed” the spiral is), For an example, a smaller
fill ratio (more tightly packed turns) increases inductance
due to stronger magnetic coupling. d is the diameter of the
inductor, and K is the empirical fitting constants that depend
on the shape of the spiral. This calculation simplifies the
detailed magnetic field interactions inside the spiral, yet
yields a decent first-order estimate of the inductance.

The Q-factor [15], which is the ratio of the inductor’s reac-
tance to resistance at a specific frequency, is a measurement

of its efficiency:
2 fL

Q=" @)

where Q is the quality factor of the inductor, f is the fre-
quency, L is the inductance, and R series resistance of the
inductor, which includes both the resistance of the metal
traces and additional losses such as substrate losses.

L
rR=P-
ot
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where p is the resistivity of the metal, L is the total length
of the spiral trace, @ is the width of the metal trace and ¢ is
the thickness of the metal layer.

For higher accuracy, the Q-factor calculation may also in-
clude effects like the skin and proximity effects, which
increase the effective resistance at higher frequencies. Par-
asitic capacitance between the spiral’s turns and between
the inductor and the substrate beneath it impacts on-chip
inductors. It is possible to model this capacitance using
basic parallel-plate capacitor formulas.

Coup = 80)6i 4
de

where Cy,;, is the substrate’s capacitance, &, is the oxide
layer’s permittivity, A is the area of the inductor, and d,, is
the thickness of the oxide layer.
The self-resonant frequency is the frequency at which the
inductive reactance is cancelled out by the parasitic capaci-
tance, leading to resonance:

1
21/ L — C[m

where Ci is the total parasitic capacitance including both
inter-turn and substrate capacitances.

Based on the inductor’s design and material parameters,
analytical models of on-chip inductors offer a helpful tool
for calculating the inductance, Q-factor, and SRF. Despite
their shortcomings, these models are frequently employed
in the preliminary stages of integrated circuit design. They
give designers a rapid and intuitive grasp of inductor per-
formance before advancing to more in-depth simulations or
empirical techniques.

Thus, this paper presents a custom on-chip inductor design
with optimized layout geometry for 65 nm CMOS technol-
ogy using an EM simulation tool. The designed inductor
attains an inductance of 3.2 nH and a Q-factor of 15.31 at
1.7 GHz. Malaysia’s 1.7 GHz frequency band is actively

Sor = 3)
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utilized for mobile cellular services. Specifically, the band
from 1.710 GHz to 1.785 GHz is paired with 1.805 GHz to
1.880 GHz to form the 1.8 GHz band, commonly called the
GSM 1800 or DCS 1800 band. This band supports various
generations of mobile technologies, including 2G (GSM),
3G (UMTS), and 4G (LTE). Enhanced performance of the
inductor is achieved by incorporating Nickel-Zinc-Cobalt-
based ferroelectric liquid materials into the simulated stack-
up layer, resulting in a Q-factor of 15.83 due to improved
magnetic properties of the inductor. The enhanced perfor-
mance of the custom-designed inductor is compared with
the conventional inductor performance of the foundry. The
proposed methodology can be varied by implementing the
layout and stack-up modification according to the frequency
of interest or the technology nodes.

2. Design methodology of the custom on-chip
inductor

2.1 Layout optimization

The proposed custom inductor was designed using Son-
net EM software in 65 nm CMOS technology with a nine-
metal layers process option. From the foundry’s process
design kit (PDK), the inductor operating at 1.7 GHz with
the best Q-factor has four turns with an area consumption
of 239 x 265.5 um?”. The inductor achieves an inductance
of 3.2 nH. Taking this as a baseline, the study is conducted
by selecting a 3.2 nH value of inductance, and the aim is
to enhance the inductance and Q-factor with an equal or
smaller form-factor that occupies the area on-chip. The

u
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265.5 um
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custom inductor illustrated in Fig. 1a in 2D and 1b in 3D is
designed with four turns with fixed metal widths of 10.45
um with alternate spacing between the turns, which is 1.5,
4, and again 1.5 um. As depicted in Fig. 1, 2 sides of the
4™ turn of the inductor are designed in meander zig-zag
form, enhancing the inductance of the proposed inductor.
The designed inductor consists of integrated spiral and me-
ander shapes, enhancing the inductance for a given area,
and their related derivation is given in equation (6). The
inner diameter (Dj,) and outer diameter (D) are 117 um
and 229 um, respectively. The metal strip of the inductor is
traced with thick top metal, in this case, Metal 9, which has
a conductivity of 5.8e7 S/m and a thickness of 3.4 um. The
underpass is traced with Metal 7, which has a conductivity
of 5.05¢7 S/m and a metal thickness of 0.9 pum. Via between
the metals has a conductivity of 2.23e7 S/m.

L= (ZLi+ZMij)spiral+(ZLi"l‘ZMij)meander (6)
i i) i i)

where Li is the self-inductance of segment i, M;; is the mu-
tual inductance between segments i and j, and ij are the
Indices of the segments.

The total inductance (L) of this composite on-chip induc-
tor made up of both a spiral and meander structure is rep-
resented by equation (6). It is derived from the conven-
tional inductance formula, which takes into account both
the mutual inductance between various segments and the
self-inductance of each segment. The meander section,
which maximizes layout efficiency, is represented by the
second term, whereas the first term accounts for the induc-

pFow: B
‘

Figure 1. (a) 2d view of the conventional inductor (b) 2D and (c) 3D views of the proposed custom Inductor.
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tance of the spiral section, where closely packed turns boost
mutual inductance. These two contributions add up to the
total inductance because inductance is additive.

2.2 New material stack up

Liquid ferroelectric materials were stacked up on the top
metal layer and simulated in the Sonnet EM simulation
tool to study the impact of the materials on the inductor
performance [16]. A liquid ferroelectric material layer is
added at the same stack-up level and above the top metal
layer. Fig. 2 shows an example of the stack-up technology
utilized to simulate the inductor after adding the ferroelec-
tric liquid material. The ferroelectric material is positioned
on the uppermost metal layer in the dielectric stack-up to
improve the performance of the inductor. By altering the
electric field distribution, its high permittivity raises the ef-
fective inductance, and its special dielectric qualities lower
energy losses, improving the Q-factor. An efficient method
for maximizing inductor performance across a range of
frequencies, this location allows for both inductance adjust-
ment and loss minimization. The material that was stud-
ied and simulated for this purpose is Nickel-Zinc-Cobalt
(Ni0_5Zno,3C00,21ane(2,x)04) [17]. For this study, various
ferroelectric materials were studied, such as Barium Stron-
tium Titanate (BST), Lead Zirconate Titanate (PZT), and

Muniandy et al.

other MnZn-based materials.

A study reported a dielectric constant of 283 at room tem-
perature for BST thin films fabricated on titanium substrates
[18]. BST is primarily recognized for its dielectric proper-
ties and is generally considered non-magnetic. Therefore,
its relative permeability (i) is approximately 1, similar to
that of free space. Temperature affects BST’s dielectric char-
acteristics. The temperature range throughout which BST
retains stable dielectric behavior can be controlled by vary-
ing the barium-to-strontium ratio, which enables tweaking
of the Curie temperature [19]. BST has a lesser magnetic
permeability than NiZnCo despite being a tremendous ferro-
electric material for tunability. This restricts BST’s potential
to increase inductance in specific uses.

In contrast to NiZnCo, PZT is another ferroelectric material
with a high permittivity, although it often experiences more
significant losses at higher frequencies, especially dielectric
losses. The value of dielectric constant (&,) at 1 KHz is
515.492 and value of dielectric loss (tan &) is found to be
0.005 at same frequency. Measurement at high temperatures
permit to determine, from the maximum of &,(7'), the Curie
temperature 7C = 380 °C of the ferroelectricparaelectric
phase transition of PZT ceramic [20]. However, PZT is
more brittle and difficult to incorporate into semiconductor
processes. High magnetic permeability and ferroelectric
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Figure 2. Dielectric stack-up of the CMOS 65 nm process with inductor metals and ferroelectric liquid materials.
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characteristics combine in NiZnCo-based materials to pro-
duce improved inductance performance without appreciably
lowering the Q-factor. For on-chip inductors that need a
high inductance density in a small package, this is very
advantageous.
In conclusion, NiZnCo liquid ferroelectrics are an excellent
option for raising the Q-factor of inductors, particularly
in the targeted 1.7 GHz frequency, because they provide
optimum permeability, low dielectric losses, temperature
stability, and integration capacity. This ferroelectric lig-
uid material has a dielectric constant of 10 and a mag-
netic permeability of 15.2. Adding this material into the
dielectric stack-up enhances the inductance and Q-factor
of the designed inductor, as related to the derivation in
equation (7). Wheeler’s equation now has a modified per-
meability, U = Uol,, where L is the permeability of free
space, and U, is the permeability of the ferroelectric ma-
terial. Ferroelectric liquid materials have a higher relative
permeability, u,, than air (4, = 1). When the ferroelectric
liquid is introduced above the planar inductor, the effective
permeability of the medium surrounding the inductor in-
creases since inductance is proportional to (t, as shown in
equation (7).

L— Kl davgnz,uour

1 +kap

The permeability of ferroelectric liquid is also a function of
frequency and generally expressed as a complex quantity,
i =u' — ju"” where ' is the real part of permeability
associated with energy storage in the material. At the same
time, p” is the imaginary part of permeability related to
energy losses [24].

(N

3. Results and discussion

At the targeted frequency of 1.7 GHz, the simulated Q-
factor achieved by the proposed inductor is 14.8 with an
inductance of 3.16 nH. The area consumed is 229 x 262
um?, less than the size of the conventional inductor from
the foundry. Compared with the conventional inductor from
the foundry, the Q-factor is enhanced by 21.31%, which
caters to a 2.6 improvement from the initial value of 12.2.
Fig. 3a and 3b depict the simulated inductance and Q-factor

8 = CONVENTIONAL
e CUSTOM

Inductance (nH)

'8 T T T T T
0 5 10 15 20 25 30

Frequency (GHz)
(@
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values across the frequency compared to the conventional
inductor.

It can be observed in Fig. 3a that at the intended fre-
quency (1.7 GHz), the inductance value is maintained with
a marginal drop, while about a 3 GHz increase in the SRF
is achieved. Increasing the inductor’s self-resonant fre-
quency (SRF) would enable it to function inductively across
a broader range of frequencies, enhancing its usefulness in
high-frequency circuits. Both inductors show a steady ini-
tial inductance at lower frequencies. However, the custom
inductor shows much smoother behavior with a lower induc-
tance peak. Beyond SRF, custom inductors also demonstrate
less negative inductance, suggesting better control over par-
asitic effects. In Fig. 3b, the custom inductor achieves a
higher Q-factor, reflecting reduced resistive losses and bet-
ter energy storage efficiency at 1.7 GHz. Furthermore, the
inductance and Q-factor are further boosted by employing
the ferroelectric material on top of the inductor. Fig. 4a
shows the inductance value achieved, while Fig. 4b shows
the proposed inductor’s Q-factor performance compared
with the conventional inductor.

The ferroelectric liquid material enhances the Q-factor by
another 1.03 value, which sums up to 3.63 of improvement
in the Q-factor compared to the conventional inductor. The
total improvement in Q-factor is 29.75% for the proposed
inductor. The ferroelectric liquid material also increases the
inductance value of the designed inductor by 1.64 nH. The
absolute improvement noted in the inductance (1.64 nH) di-
rectly corresponds to the material’s permeability, as shown
in (7). The primary factor contributing to the Q-factor im-
provement is the layout optimization techniques, which
enhance the Q-factor by approximately 21%. Additionally,
the secondary contributor is the novel material stack-up,
which further increases the Q-factor by approximately 6%
from the proposed design. The improvement in inductance
without jeopardizing the Q-factor for the given form factor
indicates that the size of the conventional on-chip inductor
can be reduced, especially for low-frequency applications
that require large inductors. Meanwhile, Table 1 summa-
rizes its performance.

In addition, the designed custom inductor is also compared

20

—— CONVENTIONAL
154 ——— CUSTOM

104

Q-Factor
L]

-10 T T T T T
0 5 10 15 20 25 30

Frequency {(GHz)
(b)

Figure 3. The (a) inductance and (b) Q-factor values of the custom inductor and the conventional inductor.
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Figure 4. The (a) inductance and (b) Q-factor values of the inductor with ferroelectric material addition.

with the current state-of-the-art one, as delineated in Table 2.
Table 2 compares inductance, operating frequency, and qual-
ity factor (Q-factor) for various inductor designs employing
layout optimization approaches, with the proposed design
featuring both layout and material optimization. The men-
tioned designs in [19, 20, 24] utilize layout optimization
to optimize the performance of on-chip inductors by alter-
ing their physical structure to minimize parasitic losses and
improve overall efficiency. The proposed custom design
had a higher Q-factor, which suggests that the layout and
ferroelectric material optimization enhance efficiency.
Based on the recently published review papers of on-chip in-
ductors, our proposed design demonstrates a higher Q-factor
compared to recent works within the 65 nm technology
node, as verified through simulation results [25]. Addition-
ally, in terms of material selection, our design has exhib-
ited superior Q performance relative to many previously
reported inductor designs, as supported by the reference
[26].

4. Conclusion

The proposed custom inductor design was simulated in
an EM modeling tool using 65 nm CMOS technology.
The optimized layout achieved a Q-factor of 15.31 and

an inductance of 3.2 nH at 1.7 GHz. A zigzag meander
structure improved Q by minimizing energy losses,
optimizing current distribution, and reducing parasitic
capacitance.  Dispersed conductor routing mitigated
substrate coupling and inter-turn capacitance, lowering
resistive losses. Enhanced current flow reduced proximity
effects and skin-effect-related losses. Alternating trace
spacing, while maintaining width, optimized mutual
inductance, improved magnetic coupling, and suppressed
parasitics. This enhanced high-frequency performance
while minimizing eddy current losses. Balancing coupling
and loss mechanisms improved efficiency without increas-
ing chip area. Incorporating Ni-Zn—Co-based ferroelectric
liquid materials raised Q to 15.83 by increasing dielectric
permeability. The results demonstrate that higher induc-
tance and Q are attainable in on-chip inductors. The design
and material modifications are scalable to any technology
node and frequency range. Metal width, spacing, and
turns can be tuned for diverse manufacturing processes.
The model, grounded in electromagnetic principles, is
technology-independent and EM-simulation compatible.
Challenges remain in integrating ferroelectric materials
with precise thickness, composition, and crystallinity
control in standard foundry flows.

Table 1. Performance summary of the proposed inductor in comparison with conventional inductor.

Conventional Custom Custom + Ferroelectric liquid
Area (um) 239 x 265.5 229 x 262 229 x 262
Frequency (GHz) 1.7 1.7 1.7
Inductance (nH) 3.20 3.16 4.80
Maximum Q-factor 12.20 14.80 15.83
% of Q improved (%) 21.31% 29.75%

Table 2. Performance comparison of the proposed custom inductor with recent state-of-the-art inductors.

References Technique used Inductance (nH) Frequency (GHz) Q-factor
[21] Layout optimization 341 24 7.38
[22] Layout optimization 3 1.8 5.23
[23] Layout optimization 4 24 12.71

This work ~ Layout optimization + Material 4.8 1.7 15.83
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