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Flexible Mini-Inductors with Ultra-High Inductance Density
Directly Cut from Soft Magnetic Amorphous Alloys by

Femtosecond Laser

Yanan Chen, Yan Zhang,* Ji Wang, Zhihao Chen, Xiaowen Cao, Fei Han, Bowen Zang,
Mingliang Xiang, Juntao Huo, Wenwu Zhang,* and Jun-Qiang Wang*

Inductors are indispensable parts in power modules of electronic devices.
With the rapid development of flexible and wearable electronic devices,
developing flexible micro-inductors with large energy storage has become an
urgent task. In this research, a sophisticated femtosecond laser ablation
technique is employed to craft circular spiral mini-inductors via selective
etching of soft magnetic amorphous alloy ribbons. Remarkably, while these
inductors possess dimensions akin to human fingerprints, they demonstrate
an impressively elevated inductance value of ~1.15 pH at 1 MHz. The
inductance density is ~280-390 nH mm~2, which is ~10 times larger than
conventional circular spiral inductors and is attributed to the high
permeability of the amorphous alloys. Furthermore, the inductors showcase
commendable flexibility, marked by stellar elasticity and a bending endurance
exceeding 2500 cycles, thanks to the amorphous alloys’ superior elastic strain
limit. When integrated with an LM2576-3.3BT buck converter, the fabricated
inductor achieved a peak power conversion efficiency nearing 70%. These
findings underscore the potential of such flexible mini-inductors in the

Unlike their traditional rigid counterparts,
flexible electronics offer distinct advan-
tages, including reduced weight, slim de-
sign, and superior flexibility and ductility.
As a result, they present promising applica-
tions across a myriad of sectors, including
information technology, energy, healthcare,
and defense.l>”7] Yet, the progress in this do-
main often grapples with design challenges.
One of the pivotal components impeding
further miniaturization and flexibility is the
inductor.[®*]

The need for compact yet efficient power
modules in various application scenarios
drives the search for innovative solutions
to enhance inductance density. Thin-film
inductors with soft magnetic cores have
gained prominence in this endeavor.[1%13]
Most contemporary designs integrate these
inductor coils onto flexible substrates, such

landscape of flexible electronics.

1. Introduction

The rapid development of high-performance, large-area micro-
electronics and flexible electronics with exceptional mechanical
properties has become a focal point in contemporary research.[*2!
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as polyimides, aligning with the require-

ments of flexible applications.['*7] How-

ever, there is an evident gap in mate-

rial choice for these coils. Predominantly
composed of Cu or Ag, these non-magnetic materials introduce
significant magnetic leakage.['*1°] The magnetic leakage will re-
duce the inductance density, thereby reducing the inductor per-
formance. This leakage curtails the inductance density, subse-
quently diminishing the inductor’s overall performance. As a re-
sult, these inductors, restricted to a few nano-Henry (nH), are
best suited for radio frequency (RF) applications and remain
inadequate for high-demand scenarios like direct current-direct
current (DC-DC) converters.[20-22]

Fe-based amorphous alloys have excellent properties, in-
cluding soft magnetic properties and strong mechanical
properties.[324] Their high permeability notably reduces mag-
netic leakage in contrast to non-magnetic material-based
inductors. Additionally, their superior saturation magnetization
implies an augmented electromagnetic energy storage capabil-
ity. Complementing these magnetic properties, the elasticity
of amorphous ribbons is ~2%, surpassing that of crystalline
materials, which is #0.5%. This heightened elasticity ensures
commendable bending flexibility.[?*! Collectively, these proper-
ties accentuate the feasibility of Fe-based amorphous alloys in
the domain of flexible micro-inductors.[26-28]
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Figure 1. Design and characterization of the flexible inductor based on amorphous alloys. a) Schematic illustration for the design of flexible inductor
using femtosecond laser. b) Optical image of a nine-turn flexible inductor on the finger. c) The zoomed-in optical image of the nine-turn flexible inductor.
d) The micro inductor in the bending state. e-g) The inductor under different stretching deformations, the deformation increases gradually.

To harness the benefits of these alloys, our study de-
ploys high-precision femtosecond laser ablation technology to
craft micro-inductors rooted in commercial Fe,; s Si;; sBoNb;Cu,
(FINEMET) amorphous alloy. Utilizing femtosecond laser pro-
cessing allows for precise amorphous alloy shaping without
inducing crystallization, preserving their intrinsic mechani-
cal excellence. This paper delves into a systematic explo-
ration of both the inductance and flexibility of these fabricated
mini-inductors.

2. Results and Discussion

2.1. Preparation of Flexible Mini-Inductors by Femtosecond Laser

Figure 1 shows the schematic illustration for the fabrication pro-
cess and the optical images of the flexible inductors. As depicted
in Figure 1a, the circular spiral inductors are meticulously crafted
from an amorphous alloy ribbon utilizing a focused femtosec-
ond laser, exhibiting an impressive beam diameter of ~10 pm.
Subsequently, the inductor is anchored onto a polyimide film us-
ing epoxy resin, facilitating the assessment of its electromagnetic
properties and inherent flexibility. The miniaturized dimensions
of these inductors are notably congruent with fingerprint spac-
ings, as illustrated in Figure 1b. A more detailed optical portrayal
of a nine-turn inductor coil, measuring 2 mm in diameter, is pre-
sented in Figure 1c. This coil boasts a uniform inter-line spacing
of around 10 um, while the coil line measures 70 ym in width and
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18 um in thickness. Evidently, the femtosecond laser exhibits ex-
ceptional machining precision, aptly fulfilling the exacting stan-
dards of micro-device fabrication.

Moreover, the amorphous alloy-derived inductor demonstrates
exceptional flexibility and elasticity. Figure 1d presents a bend-
ing assay of the inductor, while Figure le—g elucidate its superior
elasticity, evidencing its capacity to stretch by 5 mm when ma-
nipulated with tweezers.

2.2. Morphology and Microstructure of Flexible Coils

The micromorphology of the inductance coil after ablation with
different laser parameters is shown in Figures S1 and S2 (Sup-
porting Information). The faster processing speed will make the
ablation incomplete. We also characterize the roughness of the
ablated edges at different powers, as shown in the Figure S3 (Sup-
porting Information). A larger surface roughness usually deteri-
orates the soft magnetism by pinning the motion of magnetic do-
main walls. Operating at 300 mW required less energy compared
to 400 mW, aligning with our endeavor to develop a process that
is not only effective but also energy-efficient.

As shown in Figure S4 (Supporting Information), the XRD
pattern of the mini-inductor looks like completely amor-
phous. No obvious crystalline diffraction peaks are detected.
To delve into the microstructural attributes of the ablation
zone, we utilized Transmission Electron Microscopy (TEM) for
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Figure 2. a) Schematic illustration of a spiral inductor and its equivalent circuit (two-port network). b) The top view of the spiral inductor with N turns
and the width (W) of the coil wire. c) The side view of the spiral inductor with thickness of (T). Impacts of layout parameters of d) & g) N, e) & h) W,
and f) & i) T on the flexible inductors’ performance of inductance and quality factor.

characterization. Upon analysis at 300 mW laser power, as shown
in Figure S5 (Supporting Information), we observed a mini-
mal thermal effect, with the heat-affected zone spanning a mere
300 nm. This indicates a limited thermal influence during the
femtosecond laser processing, validating our choice of laser
parameters.

Figure S6 (Supporting Information) shows the performance
of inductors under different laser processing parameters, and it
can be seen that the power has little effect on the performance
of inductors. However, the inductance value and quality factor
of the inductor with the machining speed of 1 mm s~ are re-
duced (Figure S6¢,d, Supporting Information), which can be un-
derstood from the micromorphology due to the excessive speed
and incomplete ablation and the interconnection between the
coils. By analyzing the performance of the flexible inductor and
the micromorphology of the ablation zone, the optimal laser pro-
cessing parameters were determined as following: the repetition
rate (f) is 100 kHz, the laser power (P) is 300 mW, and the ma-
chining speed (v) is 0.5 mm s~

2.3. Performance of Flexible Mini-Inductors
The frequency-dependent electromagnetic properties of the flex-

ible spiral inductor are measured using impedance analyzer. The
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inductance is calculated based on a classical circuit as shown in
Figure 2a, where R, is the DC resistance, the L, is the inductance
and C; is the inherent capacitance of the inductor. The quality fac-
tor of an inductor can be expressed as Q = wL/R,[* here, w is an-
gular frequency, L stands for the total inductance, and R accounts
for the metal resistance. Here we change the number of coil turns
(N), the width (W) and thickness (T) of the wire to study their in-
fluences on the inductance, which is illustrated in Figure 2b-c.
The impact of N on the performance of the planar inductor is
shown in Figure 2d,g. As N increases, the inductance and the
quality factor of the inductor increase, which can be explained by
the following equation:(*%!

L = 0.002i{In[2l/ (W + T)] + 0.25049 + [(W + T) /3] + u/4} (1)

where L is inductance in nH; I is wire length in cm; W is width
in cm; T is thickness in cm; u is the permeability. Because the
inner diameter of the inductor is fixed, the length of the inductor
coil will increase with the number of turns N, and then both the
self-inductance and mutual inductance increase along with N.
The measured inductance value at 1 MHz are 240, 491, 865, and
1155 nH for N = 3, 5, 7, and 9. Even though the resistance R,
increase along with the length of inductor coil, the quality factor
increases with the number of coil turns.
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Figure 3. Frequency dependences of a) inductance (The inset diagram shows the inductor at a bend radius of 16 mm) and b) quality factor for the
amorphous flexible inductor under flat and bending conditions. Measured inductance and quality factor at T MHz of the amorphous flexible inductor
c) under different bending radii and d) after the bending cycles (up to 2500 cycles) (Inset picture for the inductor’s cyclic bending diagram).

The influence of the coil width on the performance of the
planar inductor is shown in the Figure 2e,h. With the increase
in the coil width, the effective inductance value of the induc-
tor decreases but the quality factor increases. The decrease in
inductance can be attributed to the decrease in mutual induc-
tance between the conducting wires. Large W increases the cross-
sectional area of the conductor wires, and hence reduces the

Table 1. Comparison of the performance of 2D micro-inductors.

ohmic loss and eventually leads to the increase of the quality
factor.

The effect of the coil thickness T on the inductor is shown in
Figure 2fi. With the increase of the coil thickness from 16 to
20 pm, the inductance does not change very much but the quality
factor increases. The influence of the coil thickness T on quality
factor should be similar with the coil width W. Both affect the

Serial Magnetic Frequency Inductance Inductor size Inductance density Refs.
number material [MHz] [nH] [mm?] [nH mm~2]

1 none 30000 1.8 0.04 45 [34]

2 none 4 128 1.03 124 [35]

3 Ni,5Fess 20 204 29 70.3 136]

4 Nis Fegs 55 440 11.52 382 137]

5 FeHfN 5 296 25 1.8 [38]

6 FeTaN 5 1100 78 14.1 [39]

7 NiZnCuFeO 10 48.5 25 19 [40]

8 NiZnCuFeO 1 367 22.7 16.2 [47]

9 NiZn 6 430 9 47.8 [42]

10 CozrO 83 1193 50 23.9 [43]

1 Amorphous (FeSiBNbCu) 1 1155 3.14 368 This work
12 Amorphous (FeSiBNbCu) 865 222 390 This work
13 Amorphous (FeSiBNbCu) 491 1.45 338 This work
14 Amorphous (FeSiBNbCu) 240 0.85 282 This work
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inductor by changing the cross section of the conductor, thereby
changing its current density and ohmic loss. But the change in
thickness does not influence on the mutual inductance between
coil wires, which should account for the little change in induc-
tance.

We have indeed conducted parallel experiments using other
soft magnetic amorphous materials, such as the Fe,SiyB;;
amorphous alloy, and self-developed Feg, Si; By ,P5 ;Ni; Mo, ,Cu,
amorphous alloy to prepare mini-inductors under the same
laser processing conditions for comparison with FINEMET com-
ponents (Figure S7, Supporting Information). All the mini-
inductors show high inductance ranging from 1 pH to 9 uH
at 10 kHz, which demonstrates that the laser ablation tech-
nique is generally applicable for designing mini-inductors based
on different types of amorphous alloys. The relative perme-
ability of the amorphous ribbons of these components are
shown in Figure S7d (Supporting Information). As expected,
the inductance value is positively correlated with the perme-
ability of the ribbons. It is worthy to note that these alloys
have not been annealed to avoid the embrittlement. The non-
magnetic materials, such as Cu has also been applied to de-
sign mini-inductors. But the inductance for the Cu mini-inductor
is limited to below 0.09 pH. Overall, the high permeability of
amorphous soft magnetic materials will reduce the magnetic
leakage and thus greatly increase the inductance value of the
inductor.

For the FINEMET alloy, inducing nanocrystallization through
annealing considerably enhances its magnetic properties, with
permeability being a standout characteristic. The annealing in-
fluence is delineated in Figure S8 (Supporting Information). Ev-
idently, as seen in Figure S8a (Supporting Information), per-
meability ascends concomitantly with rising annealing temper-
atures. In concordance, Figure S8b (Supporting Information)
captures the inductance values at these varied annealing tem-
peratures, highlighting a direct positive linkage between in-
ductance and permeability. Notably, post-annealing at 993 K,
the inductance peaks at 13 pH, demonstrating robust stabil-
ity across a broad frequency spectrum. A comparison of the
quality facto for inductors pre and post annealing is show-
cased in Figure S8c (Supporting Information). At lower fre-
quencies, the quality factor for nanocrystalline inductors outper-
forms that of their amorphous counterparts. However, this su-
periority diminishes as frequencies climb. While Figure S8a,b
(Supporting Information) elucidate the augmented permeabil-
ity and inductance post-annealing, the material's mechanical
attributes should not be overlooked. As depicted in Figure
S8d (Supporting Information), an annealed crystallized induc-
tor fractures upon bending. This hints at the reduced flexi-
bility associated with crystallized amorphous alloys, primarily
attributed to the inception of grain boundaries. Such a com-
promise in mechanical adaptability upon crystallization is cor-
roborated by prior research, underscoring the challenges in
harmonizing magnetic and mechanical properties for flexible
applications.[3132]

To delve into the impact of bending on the attributes of the
flexible inductors, we assessed the inductor’s performance across
varying bending radii. For this assessment, we employed a nine-
turn inductor coil with specifications of 2 mm diameter, 70 um
wire width, 10 pm spacing, and 18 um thickness. Figure 3a,b de-
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Figure 4. Comparisons in the inductance value and inductance density of
this flexible amorphous soft magnetic inductors with literature reported
previously air-core inductors and magnetic thin film inductors.

lineate the frequency-dependent variations in inductance value
and quality factor for the flexible spiral inductor, contrasting its
flat versus bent configurations. Remarkably, both the inductance
and the quality factor of this inductor manifest commendable
stability across these states. The correlation between the strain
borne by the device in its bent state and the associated bending
radius can be articulated as follows:[1833]

h

T IR+n

(2)

where ¢ is the maximum strain in bending state, h the thickness
of the mini-inductor and R is the radius of bending curvature.
Figure 3c delineates the relationship between inductance and
quality factor in relation to bending strain. Notably, both param-
eters exhibit marginal declines, even under a pronounced bend-
ing radius of 16 mm, corresponding to a strain (¢) of 0.056%.
This resilience underscores the proficient magnetic flux con-
centration, a testament to the superior magnetic permeability
inherent to the amorphous alloys. Further highlighting the in-
ductor’s mechanical robustness, Figure 3d showcases the induc-
tor’s stability over 2500 bending cycles at a 16 mm bending ra-
dius. The inductance and quality factor (evaluated at 1 MHz)
of this flexible inductor remain remarkably consistent through-
out, indicating its pronounced resistance to bending-induced
stresses.

The flexible inductors are compared with the air-core planar
inductors [**33] and typical magnetic thin film inductors such as
NiFe,3637] FeHfN,I*8] FeTaN,!*! NiZnCuFeO,!***!] NiZn,!*?] and
CoZrO.[*}] Table 1 enumerates the materials, dimensions, induc-
tance values, and inductance densities of inductors both from ex-
isting literature and those fabricated in this study. Concurrently,
a comparative analysis of reported inductance values against in-
ductance density is graphically represented in Figure 4. A salient
observation is that the inductors conceptualized in this work
strikingly attain both a significant inductance value and an aug-
mented inductance density, outperforming many counterparts
from prior studies.
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Figure 5. Magnetic flux lines cross-sectional a) & c) and b) & d) surface area of planar spiral coils with Cu a) & b) and soft magnetic amorphous alloys

c) & d) as conductors, respectively.

To elucidate the exceptional attributes of the amorphous
spiral inductors, a finite element model was employed to
simulate the magnetic field distribution within a planar spi-
ral coil’s cross-section. This coil, characterized by a width of
70 um, encompasses 9 turns with a 10 pm inter-trace spacing.
Figure 5 illustrates the magnetic field for two distinct conduc-
tors, with a coil excitation of 1 V. As discerned from Figure 5a,b,
the magnetic flux density borne by the coil using Cu as the
conductor remains relatively subdued (=102 T), with the mag-
netic flux not being confined solely to the coil plane. Notably,
pronounced leakage is evident beyond the coil plane, as indi-
cated by the red and yellow zones. Contrastingly, the magnetic
field produced by the amorphous soft magnetic wires exceeds
that of Cu by an order of magnitude. The flux remains pre-
dominantly within the material, with minimal external leakage,
as revealed in Figure 5c,d. Consequently, the miniaturized spi-
ral inductors leveraging soft magnetic amorphous alloys mani-
fest unparalleled flexibility and elevated inductance. This obser-
vation presents an innovative approach and strategy toward the
further miniaturization of electronic components. The inductors
also have good bias properties in external field. As we can see in
the Figure S9 (Supporting Information), the inductance keeps al-
most unchanged up to 10 Oe. This suggests a good bias-tolerance

property.

2.4. Demonstration of DC-DC Converter with the Flexible
Mini-Inductor

We integrate the inductor into the DC/DC circuit to better
demonstrate its excellent electrical performance and flexibility.
Figure 6a presents the circuit schematic and the measurement
configuration employed to assess the performance of the flexible
mini-inductor. This crafted mini-inductor was integrated onto a
commercially sourced LM2576-3.3BT buck converter evaluation
board, which operates at a frequency of 52 kHz. With an input
voltage spectrum spanning 4 to 40 V (a 5 V input was selected
for this study), the board delivers an adjustable output voltage
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scaled down to 3.3 V. As can be seen in Figure S10 (Support-
ing Information), the output voltage is stable at 3.3 V over a
wide range of input voltages. Given the miniaturized footprint
of the inductor, to safeguard circuit functionality and measure-
ment precision, a probe was utilized as a connector bridging
the inductor and the circuit board. As evidenced in Figure 6b,c,
the flexible mini-inductor sustains operational integrity in both
flat and bent conformations. The resultant output voltage closely
aligns with the anticipated 3.3 V, achieving an efficiency approx-
imately ~70%. This shows that the flexible inductor has good
stability.

3. Conclusions

In this study, we introduce a novel approach to crafting high
energy density, flexible miniature inductors. These spiral in-
ductors are meticulously sculpted from amorphous alloy rib-
bons using a high-precision focused femtosecond laser. Adopt-
ing amorphous soft magnetic materials directly as conductors
substantially mitigates magnetic flux leakage, augmenting both
the inductance and energy density due to their elevated mag-
netic permeability. For the diminutive (sub-millimeter) induc-
tors fabricated from Fe,; sSi;; sBoNb;Cu,; amorphous alloy, they
achieved an impressive inductance of 1.15 uH at 1 MHz, with
an inductance density standing at 368 nH mm~2. Appropri-
ate annealing further escalates this inductance by ~3-10 times.
Moreover, these amorphous alloy-based inductors exhibit stel-
lar mechanical attributes, showcasing exceptional bendability.
Even after enduring 2500 bending cycles, the inductor’s per-
formance remained intact. Successfully integrating this flexi-
ble mini-inductor into a buck-converter evaluation board, we
observed a consistent output voltage (steady at 3.3 V) and
achieved a zenith efficiency close to 70% at 52 kHz. These
findings illuminate pathways to fabricate inductors with height-
ened inductance density for flexible electronics, providing flexi-
bility in tailoring inductor geometries to meet specific circuitry
demands.
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Figure 6. a) Demo circuit of the inductor and the measurement system. b) and c) are the pictures of the normal operation of the flexible inductor in the

flat state and the bending state, respectively.

4. Experimental Section

Characterization of the Amorphous Ribbons: In this study, the
Fes3 5Siy3 5BgNbsCuy (at.%) amorphous alloy ribbons was prepared by a
single roller melt spinner with high-purity raw materials (>99.95 wt.%).
The thickness of the ribbons is about 20 um and the width is ~5 mm.
The amorphous nature for the ribbon samples of can be verified by X-ray
diffraction (XRD, Bruker D8 Advance) and differential scanning calorime-
try (DSC, 404 C, Germany). The XRD curve for the Fe;3 5Siy3 sBgNb;Cuy
ribbon exhibits a broad halo peak at 20 angles ~44.5°, which suggests
the amorphous nature of the Fe-based ribbons (Figure S11, Support-
ing Information). The DSC curve is composed of two exothermic crys-
tallization peaks, with the first peak at ~796 K (inset Figure S11, Sup-
porting Information). The coefficient of thermal expansion (CTE) for the
Fes3 5Siy3 5BgNbsCuy amorphous alloys at different temperatures was
measured at a heating rate of 5 K min~! using a TMA 402F3 (Net-
zsch) for constant flow of a high purity helium gas. The thermal ex-
pansion is very small and has negligible effect to result in mechani-
cal distortions (Figure S12, Supporting Information). The permeability
of amorphous was measured by an impedance analyzer (Agilent 4294A)
from 1 kHz to 10 MHz with the solenoid in two-terminal-connection
configuration.

Design and Fabrication of Flexible Mini-Inductors: A fiber laser (Femto
YL-Green) with a wavelength of 515 nm and a beam diameter of about
10 um was employed to ablate the amorphous ribbons into inductor coils.
To facilitate the characterization of the flexibility of the inductors, epoxy
film was used as adhesive (at 398 K) to combine the flexible micro amor-
phous inductors prepared by laser micro-nano technology with flexible
substrate polyimide. In order to obtain the inductor coil with high pre-
cision and uniform ablation zone, the influence of the laser parameters
was studied.

Testing of Flexible Mini-Inductors: The impedance frequency charac-
teristics were measured by a Wayne Kerr 1/6515 impedance measuring
equipment with two probes. The diameter of the probe tip is ~#10 um.
The series circuit is chosen as the equivalent circuit for measuring
the inductance value. The connection of the probe to the impedance
analyzer is achieved through a Wayne Kerr two-wire to four-wire con-
nection to ensure accurate measurement of inductance. Test photos
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and connection cables are shown in Figure S13 (Supporting Informa-
tion). The equivalent circuit analysis of an inductor can be reduced to
a simple RLC circuit model, which is equivalent to a series equivalent
circuit here. The impedance measurements (Bode plot), as shown in
the Figure S14 (Supporting Information). The phase angle increases
along with increasing the frequency. Until 10 MHz, the phase angle
doesn’t reach a maximum, which means that the inductor can work at
a much higher frequency. Cyclic bending experiment was conducted at
ambient temperature using a universal material mechanics testing ma-
chine (Zwick/Roell Z1.0). The picture and video of the inductor dur-
ing the cyclic bending process is shown in Figure S15 (Supporting
Information).

Morphology and Structure Characterization of Flexible Mini-Inductors:
The morphology of the laser ablation samples was characterized by an
optical microscope and scanning electron microscope (SEM, Hitachi,
$4800). The surface roughness of the samples was characterized by a scan-
ning probe microscope (SPM, Dimension 3100) and the characterization
area was 5 pm x 5 um. High-resolution characterizations of microstruc-
ture at the laser ablation edge were performed by focused ion beam
(FIB, Zeiss Auriga) and a transmission electron microscope (TEM, Talos
F200x).

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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