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On-chip inductors enable high integration in radio-frequency electronics, cri-
tical for compact, power-efficient systems. However, they often occupy a large
chip area due to low inductance density (D, defined as the total inductance per
unit area) that scales sublinearly with conductor length (/) in planar archi-
tectures. Here, we present a three-dimensional rolled-up, magnetically inte-
grated microinductor technology with record-high inductance density. By
exploiting a superlinear scaling law (D « **) via 3D winding with magnetic thin
films, our devices achieve 8333 nH/mm? at 0.55 GHz—over two orders of
magnitude higher than conventional planar inductors. This breakthrough
stems from a 3D geometry in which strained layers confine multiple turns in a
compact tubular volume, intensifying local fields and flux linkage while
reducing leakage. A wafer-scale, CMOS-compatible process yields self-
assembled coils that roll 10 mm of planar conductors into ~240 um-diameter
microcoils. The high inductance density, low substrate losses, and GHz
operation make magnetically integrated inductors suited for more compact
radio-frequency systems-on-chip and high-frequency power modules and
next-generation Internet of Things/5G/6G applications.

The relentless pursuit of miniaturization in modern electronics, scaling resistors and capacitors through advancements in CMOS
spanning from portable devices to high-performance computing sys- (complementary metal-oxide-semiconductor) technology®’, the min-
tems, has imposed unprecedented challenges on on-chip passive iaturization of on-chip inductors remains a critical bottleneck due to
components responsible for energy storage and dissipation in electric ~ the fundamental conflict between inductance scaling laws and geo-
or magnetic fields'™. While substantial progress has been made in metric constraints®*’. This limitation necessitates relatively large
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physical dimensions to achieve target inductance values and perfor-
mance metrics. Conventional planar on-chip inductors, which serve as
indispensable components in radio frequency integrated circuits (RF
ICs) for Internet of Things (IoT) applications'®™", can occupy up to 50%
of total chip area’. This significant area consumption creates major
barriers to fully integrated radio frequency systems-on-a-chip (RF
SoCs) and high-frequency power management ICs in CMOS processes,
particularly for compact implementations”®. To achieve ultra-
compact dimensions without sacrificing performance, the develop-
ment of microinductors with ultrahigh inductance density (D), defined
as the total inductance (Lo,) divided by the footprint (4), is of vital

Traditional planar architectures attempt to boost the inductance,
including self-inductance Ly and mutual inductance Ly, by
extending conductor length. However, this inherently enlarges the
footprint area (4 = wl, where w is the conductor width), thus limiting
any net gain in inductance density. Through analytical modeling based
on empirical closed-form expressions, we calculated the inductance of
the planar inductors in four fundamental configurations (cases 1-4 in
Fig. 1a) and investigated the scaling trend against the conductor length
(Supplementary Note 1). A straight wire shows Les < [' with nearly
constant inductance density (D «< [*%, case 1 in Fig. 1c). The addition of
magnetic materials on top enhances Lgs but preserves similar scaling
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Fig. 1| Scaling laws for planar and three-dimensional microinductors and
experimental realization of RuMi inductors. a Schematic of a conductor of
length [ configured as microinductors in various geometries. In each pair, the first
configuration (cases 1, 3, and 5) shows the pure conductor (yellow) as a straight line,
a2Dspiral, and a 3D wound structure, respectively, while the second (cases 2, 4, and
6) depicts the corresponding configuration with an additional magnetic layer
(blue). b, ¢ Calculated self-inductance and mutual inductance (b) and inductance
density (c) versus conductor length for cases 1-6. d Schematic of the proposed
RuMi inductor with 6 coil cells rolled up from a planar meander configuration. The
equivalent circuit model is shown with Lcey;, Reen and Cee as the inductance,
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resistance and capacitance of a single coil cell, Cgap and My, as the capacitance and
the mutual inductance between the adjacent coil cells, Rs and C; as the parasitic
resistance and capacitance of the substrate, respectively. e Electron microscope
image of a fabricated 6-cell RuMi inductor. Scale bar, 100 pm. f Optical image of an
array of 40 RuMi inductors. Inset: Optical image of a single RuMi inductor cut from
the wafer and placed at the tip of a nipper. Scale bars, 1 mm. g Measured inductance
and the Q-factor for 4-cell and 6-cell RuMi inductors with a rolling length of 10 mm.
Inset: Optical images of the corresponding 4-cell and 6-cell RuMi inductors. Scale
bar, 500 um. Source data are provided as a Source Data file.
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spiral configuration, the mutual inductance between nearby con-
ductors yields L nuear < £, enabling D «< [° (case 3 in Fig.1b, ¢). Even
magnetic-enhanced spirals follow similar scaling (D «< [°*, case 4 in
Fig. 1b, c). Despite integrating magnetic films on both the top and
bottom of the conductor (i.e., sandwich structure), the scaling law is
only D o [°¢ (Supplementary Note 1). Consequently, in these planar
architectures, D adheres to the sublinear scaling with /, fundamentally
limiting on-chip inductor miniaturization. Hence, an approach that
circumvents footprint-related constraints while sustaining large
inductance values is urgently needed.

Our breakthrough addresses these limitations through the
development of three-dimensional (3D) wound geometries (cases 5-6
in Fig. 1a) that overcomes planar scaling constraints. By vertically
winding conductors rather than confining them to planar layouts, the
coil radius remains minimally affected by wire thickness, thereby
maintaining a nearly constant footprint area (4). Calculated by a dis-
cretized Biot-Savart approach, we found that this topological trans-
formation fundamentally alters the scaling law (Supplementary
Note 2). For a bare 3D coil, while self-inductance scales linearly, mutual
inductance scales approximately quadratically (Lmycua < #°, case S in
Fig. 1b), driving inductance density to D « I** under constant A (Fig. 1c).
Integrating a magnetic material layer within the 3D architectures
amplifies this effect, yielding in a remarkable boost in self-inductance
as Lgeye o< I* and in mutual inductance as Lyear < £° (case 6 in Fig. 1b).
This substantial improvement in scaling arises from two synergistic
effects introduced by the 3D magnetic integration. First, once rolled
into a 3D coil, the magnetic thin films become sandwiched within the
conductor windings so that the magnetic flux generated by these
windings is largely parallel to the magnetic layer, thereby intensifying
flux coupling in the coil interior. Second, because conductor thickness
(typically tens to hundreds of nanometers) is much smaller than its
width (a few to tens of micrometers), 3D winding enables a significantly
tighter roll than 2D layouts, reducing inter-turn separation and thus
further amplifying the local magnetic field and enhancing overall
inductance. Given the near-constant footprint area, the resulting
superlinear scaling (D < P, case 6 in Fig. 1c) may theoretically yield
unprecedented inductance densities, exceeding planar counterparts
by more than two orders of magnitude. For instance, for a 10-mm wire
with magnetic materials wound in 3D (case 6), D can reach
~40,000 nH/mm? in theory, while the planar counterpart (case 4) only
achieves ~210 nH/mm? as illustrated in Fig. 1c, with further improve-
ments possible for longer wires.

We experimentally demonstrate this principle through the reali-
zation of 3D rolled-up magnetically integrated (RuMi) inductors. We
developed a CMOS-compatible fabrication process to transform mul-
tiple connected conducting wires (up to 10 mm) integrated with
magnetic materials into compact coils (~220-280 um in diameter).
Schematic in Fig. 1d illustrates the rolling process of a RuMi inductor
with 6 cells, and the electron microscope image in Fig. 1e highlights the
fabricated device. This fabrication process demonstrates exceptional
yield about 92% on a 2-inch wafer (Supplementary Fig. 1), with Fig. 1f
showcasing a microinductor array containing 40 successfully fabri-
cated devices. The microinductors can be diced from the wafer for
subsequent integration with other components, as illustrated in the
inset of Fig. 1f. As shown in Fig. 1g and Supplementary Fig. 2, a 4-cell
RuMi inductor, each cell with a 10-mm-long conductor, has 140 pum x
240 pm footprint after rolling, demonstrating 280 nH inductance at
0.55GHz, translating to D=8333 nH/mm?. Similarly, a 6-cell RuMi
inductor has 320 inductance at 0.50 GHz with a 190 pm x 240 pm
footprint, corresponding to D = 7,017 nH/mm?Z The inductance density
is two orders of magnitude higher than standard planar micro-
inductors (typically D<100 nH/mm?"* and surpassing previous
records. However, the inductance density of the fabricated sample is
lower than prediction (Fig. 1c), primarily due to two factors: the
increased footprint arising from the spacing between the coil cells, and

the presence of their negative mutual inductance (Supplementary
Note 3). Unlike conventional methods that rely on thicker magnetic
films (typically several micrometers or more) to increase inductance
density, at the cost of increased hysteresis and eddy current losses'*",
our method adopts multiple permalloy (50 nm)/tantalum (5 nm) thin
film laminates with minimized losses, which demonstrates ideal in-
plane anisotropy with low coercivity?’. In addition, the rolled-up
microstructures exhibit very low substrate loss and parasitic capaci-
tance (equivalent circuit shown in Fig. 1d) because most of the electric
and magpnetic fields are confined within the microinductor above the
substrate’, Both low magnetic losses and reduced substrate losses
result in the GHz regime operating frequency of our microinductors.
Compared with the two mainstream three-dimensional on-chip
inductor technologies, namely through-silicon-via (TSV) inductors®**
and vertically stacked spiral inductors"*, the RuMi architecture offers
both greater process economy and fundamentally superior scaling.
Device fabrication is completed in only four conventional lithography
steps and avoids costly unit operations such as deep-reactive etching,
chemical-mechanical planarization, and thick Cu plating that are
essential for TSV coils®, as well as the >10 lithography iterations
commonly required for stacked-spiral inductors” featuring high
inductance density (Supplementary Note 4). Beyond this manufactur-
ing advantage, RuMi inductors exhibit a super-linear inductance-den-
sity relationship with conductor length (D < P*°), surpassing both the
trend of TSV (D « [°%?) and stacked-spiral inductors (D = £7) (Sup-
plementary Note 4), thereby establishing a new performance bench-
mark for on-chip 3-D inductors. This work establishes a new design
paradigm for high-density microinductors, addressing the critical
need for ultracompact RF electronics in emerging loT and 5G/6G
applications. The universal superlinear scaling law of inductance
density revealed through our analysis provides a fundamental frame-
work for 3D microinductor optimization, transcending specific mate-
rial or fabrication methods.

Results

Design and fabrication of the RuMi microinductors

We developed a fully CMOS-compatible fabrication process for the
RuMi inductors. A Ge sacrificial layer, an Al,O5 protection layer and a
SiN, strained bilayer were sequentially deposited on the substrate
using electron beam evaporation, atomic layer deposition (ALD) and
inductively coupled plasma chemical vapor deposition (ICP CVD),
respectively, which are shown as steps 1 and 2 in Fig. 2a. The strained
bilayer consists of a low-frequency (LF) SiN, layer with compressive
stress and a high-frequency (HF) SiN, layer with tensile stress”. Such
stress mismatch enables the self-rolling mechanism upon etching the
sacrificial layer, transforming the planar structure into a tubular
microstructure??°. The fabrication process continues with four critical
lithography steps. The first lithography and reactive ion etching (RIE)
processes define the rolling area (step 3), followed by a second litho-
graphy step to pattern the copper (Cu) conducting wires (step 4).
An Al,O; film is then deposited using ALD as an insulating layer
between the conducting wires and the subsequent magnetic layer. The
third lithography step patterns the magnetic film layer (step 5), con-
sisting of multiple stacks of permalloy (Py, NiggFe,) 50 nm/tantalum
(Ta) 5 nm laminates deposited using physical vapor deposition (PVD).
The X-ray diffraction (XRD) pattern of the deposited Py and the precise
Fe/Ni composition are presented in Supplementary Figs. 3 and 4,
respectively. The final steps involve depositing a protective Al,O3
film via ALD (step 6) and performing a fourth lithography to open
an etching window for the Ge sacrificial layer (step 7). The controlled
release of the structure is achieved through XeF, gas etching,
initiating the self-rolling process from the defined window (step 8)**".
Figure 2c¢ schematically illustrates the final film stack configuration
after rolling, with detailed fabrication parameters provided in the
“Methods” section.
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Fig. 2 | Fabrication and characterization of RuMi inductors. a Schematic of the
CMOS fabrication process. b Optical images (bottom) of RuMi inductors with 2-6
cells and rolling lengths of 1.2-3.6 mm before rolling, scanning electron micro-

scope images (middle) after rolling, and a finite element simulation result (top) of

the rolled-up structure. Scale bars, 200 pm. ¢ Schematic of layer stacks in the rolled-
up RuMi inductors. d, e STEM images of the cross-section of the layer stacks. Scale
bars, 500 nm for (d) and 100 nm for (e, f) EDS elemental maps of the same cross-
section. Scale bar, 100 nm.

The diameter of the rolled-up structures, primarily controlled by
the HF/LF SiN, bilayer and the thicknesses of the Cu and Py layers,
remains nearly consistent regardless of the rolling length or number of
coil cells. Figure 2b demonstrates this consistency, showing three
RuMi inductors from the same fabrication batch with identical material
thicknesses but varying layouts (2-6 coil cells, 1.2-3.6 mm rolling
length), achieving similar final diameters of approximately 220 pm
(with 4 stacks of Py/Ta laminates, see Supplementary Table 3 for pri-
mary dimensional parameters of all samples). We speculate these

inductors have approximately 5, 3.5, and 1.7 turns, respectively. We
performed finite element simulations of this rolling process, showing
good agreement with the experimental results (Fig. 2b and Supple-
mentary Note 5). Furthermore, cross-sectional analysis via scanning
transmission electron microscopy (STEM) reveals the detailed micro-
structure (Fig. 2d). The films exhibit a slightly curved geometry, cor-
responding to the tubular structure. As depicted in Fig. 2e, the 380 nm-
thick Cu layer as the conductor, the magnetic layer consisting of
4 stacks of Py/Ta laminates, and the insulating Al,O5 layer in between,
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are clearly visible and intact after the rolling process. Energy-dispersive
X-ray spectroscopy (EDS) elemental mapping (Fig. 2f) confirms the
layer composition, with the observed Cu signal outside the conducting
layer attributed to the sample holder during sample preparation by
focused ion beam etching, which does not affect the experimental
analysis.

Magnetic characterization and inductance enhancement

The integration of magnetic materials with increased thickness and
permeability can significantly enhance the inductance of RuMi induc-
tors (Supplementary Note 2). Thin-film Py with in-plane anisotropy has
been extensively utilized in microinductors due to its exceptional
magnetic properties, including high permeability and low
coercivity’**2. However, increasing the thickness of Py films beyond a
critical threshold leads to the formation of strip domains with out-of-
plane magnetization components, which degrade magnetic softness
and reduce permeability*>. This phenomenon is accompanied by
increased coercivity, resulting in higher hysteresis losses that com-
promise high-frequency performance® ¢, Figure 3a presents the hys-
teresis loop of a 300-nm-thick Py structure, characterized using
magneto-optical Kerr effect (MOKE) measurements (see “Methods”),
deposited on planar winding conductors prior to the rolling process.
Both the hysteresis loop and magnetic force microscopy (MFM) image
(inset of Fig. 3a) confirm the presence of strip domains with out-of-
plane magnetization components. We note that although the magnetic
material is patterned as a long and narrow wire with its long axis along
the y-axis in the schematic of Fig. 3a, no clear difference is observed in
the hysteresis loops measured along the x- and y-directions. This
observation suggests that shape anisotropy effects are minimal in
materials exhibiting strip domains.

To maintain optimal magnetic properties, we implemented a
laminated structure consisting of six stacks of Py (50 nm)/Ta (5nm)
layers (Fig. 3b). This configuration preserves the total magnetic
material volume while maintaining ideal in-plane anisotropy, as evi-
denced by the MFM image (inset of Fig. 3b) showing minimal out-of-
plane components. As shown by the hysteresis loops, the elongated,
winding geometry of the laminated magnetic patterns induces distinct
magnetic anisotropy, with the easy axis aligned along the long axis (y-
axis) and the hard axis along the short axis (x-axis) of the magnetic
structures. This orientation is particularly advantageous for RF appli-
cations, as the alternating magnetic field generated by RF signals aligns
with the hard axis, resulting in increased permeability and reduced
losses”*%, Post-rolling characterization using vibrating sample mag-
netometry (VSM) confirms the stability of the magnetic properties of
the laminated Py films (Supplementary Fig. 5).

To quantify the magnetic enhancement, we employed electro-
magnetic FEM simulations to analyze the magnetic field distribution in
the cross-section of rolled-up structures (Supplementary Note 6).
Figure 3c, d compare the magnetic flux density (B) distributions in a
4-cell microinductor before and after integrating the magnetic layers,
respectively, operating at 0.5 GHz. The non-magnetic structure exhi-
bits a maximum flux density of 1.1 mT, while the magnetic-integrated
version achieves 8 mT. Furthermore, rather than dispersing outside
the coil area, the magnetic flux in the integrated structure is more
concentrated between and near the conducting wires, leading to sig-
nificant inductance enhancement. High-frequency characterization
was performed using a network analyzer and microwave probe station
with GSG (ground-signal-ground) probes (see Methods and inset of
Fig. 3c). Inductance and quality factor were extracted from S-para-
meters, with detailed measurement and calculation procedures pro-
vided in Supplementary Note 7. The magnetic-integrated 3D inductor
demonstrates a 60% improvement in inductance (28.1 nH at 1.5 GHz)
compared to its non-magnetic counterpart (Fig. 3e). Remarkably, the
Q-factor experiences only a slight reduction due to the low-loss lami-
nated Py structure (Fig. 3f). The frequency when the Q-factor reaches

its maximum drops from 2.5GHz to 1.5GHz, likely due to the
improvement of L and the increased magnetic losses™. Our simulation
results based on the high-frequency equivalent circuit model also
agrees well with the experiment data (Supplementary Note 6).

Characterization of the RuMi inductors and the scaling
advantage

We conducted a comprehensive comparison of the electrical perfor-
mance between planar and RuMi inductors, demonstrating significant
enhancements in both inductance and Q-factor after the rolling pro-
cess. A series of RuMi inductors with varying structural parameters
were fabricated and characterized (detailed parameters provided in
Supplementary Table 3). Figure 4a and Supplementary Fig. 6a-c
illustrate the inductance enhancement achieved through the rolling
process. Compared to their planar counterparts, RuMi inductors with
rolling lengths of 1.2 mm, 2.4 mm, and 3.6 mm exhibit 1.7-fold, 4.8-fold,
and 5.5-fold increases in inductance, respectively. This trend confirms
the scaling advantage of the rolled-up configuration, with longer wires
demonstrating more substantial inductance improvements. Further-
more, the Q-factors of RuMi inductors consistently surpass those of
planar devices (Fig. 4b and Supplementary Fig. 6d-f), primarily due to
the dramatic reduction in substrate loss following the rolling process.

The performance of RuMi inductors with 2, 4, and 6 cells was
systematically characterized across various lengths, both before and
after the rolling process (Fig. 4c, d, Supplementary Figs. 7, 8). Con-
sistent with previous observations, longer rolling lengths result in
greater inductance enhancement relative to planar configurations. The
electrical performance of RuMi inductors was analyzed via their high-
frequency equivalent circuit model (Supplementary Note 6), with
theoretical calculation results showing excellent agreement against
experimental data. Both experimental and calculation results reveal
distinct scaling behaviors: the inductance of RuMi inductors shows a
strong nonlinear length dependence (L = £#¥), whereas planar designs
follow an approximately linear trend (L o [*Y). This significantly
enhanced scaling, combined with the nearly constant footprint of
rolled-up structures, translates to a superlinear increase in inductance
density (D «< P*). Additionally, RuMi inductors with more coil cells
demonstrate greater inductance enhancement comparing to their
planar counterparts. For instance, at a 3.6 mm rolling length, 2-, 4-,
and 6-cell configurations show 3.3-fold, 3.9-fold, and 6.7-fold increa-
ses, respectively.

The rolled-up configuration of RuMi inductors also displays
favorable Q-factor scaling behavior comparing to their planar coun-
terparts. In planar inductors, the maximum Q-factor decreases as the
wire length increases from 1.2 mm to 3.6 mm, mostly due to increased
substrate loss associated with larger footprints. In contrast, RuMi
inductors exhibit the opposite trend, with Q-factors increasing with
rolling length (Fig. 4d). This improvement can be attributed to two key
factors: (1) the rolled-up structures are predominantly detached from
the substrate, minimizing substrate loss; and (2) the substantial
inductance enhancement in longer rolled-up structures boosts reac-
tive power more significantly than the associated increase in device
loss®#°,

We further investigate the influence of the Cu conductor width
(wcy) and the magnetic layer width (wpy) on the electrical performance
of RuMi inductors. Figure 5a and Supplementary Fig. 9 present the
inductance for six different combinations of (wc, Wpy), as we, =15 pm,
30pm, and 45pm and wpy=10pm, 20 pum, 25pm, and 40 pm,
respectively. The design constraint wpy < wc, is maintained for each
combination, as the Py/Ta laminates are deposited atop and smaller
than the Cu conductors in our architecture. As shown in the results,
increasing wp, for a fixed wc,, or decreasing wc, for a fixed wpy,
effectively increases the magnetic material volume within the same
layout, resulting in higher inductance. Furthermore, larger wp, values
reduce the shape anisotropy within the plane, resulting in increased
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permeability enhancing inductance**2. The number of Py/Ta stacks
also significantly influences device performance. In principle, addi-
tional stacks provide more magnetic material, which enhances induc-
tance. However, as shown in Fig. 5b, implementing 4, 6, and 8 stacks
progressively increases the diameter of RuMi inductors. This is
because adding more magnetic stacks increases the overall bending

stiffness, so under the same stress from the HF/LF SiNy bilayer, the
resulting strain is reduced, leading to a larger final diameter. The
increased diameter, and consequently the larger cross-sectional area,
undesirably reduces inductance (Supplementary Note 2). This trade-
off likely explains the observed trend, where inductance initially
increases and then decreases with more stacks (Fig. 5¢). A similar trend
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Fig. 3 | Magnetic characterization and inductance enhancement to the RuMi
inductors. a, b Hysteresis loops of the magnetic structures formed by a 300-nm
thick Py films (a) and 6 stacks of 50 nm Py/5nm Ta laminates (b) in the RuMi
inductors before rolling, measured with the magnetic field applied perpendicular
(x-axis) or parallel (y-axis) to the rolling direction. Insets: MFM images of the cor-
responding films. Scale bars, 500 nm. ¢, d Electromagnetic finite element simula-
tion results of the cross-sectional magnetic field distribution at 0.5 GHz with an
excitation of 1V for a 6-cell RuMi inductor with 2.4 mm rolling length, (c) before and

(d) after integrating 6 stacks of Py/Ta laminates. Scale bar, 50 pm. Insets: magnified
views highlighting the field distribution between spiral layers. The white curved
regions (rolled conductors) are omitted for clarity. Scale bar, 5 um. e, f Measured
and simulated inductance (e) and Q-factor (f) versus frequency of the same 6-cell,
2.4-mm-long RuMi inductor with or without the integrated magnetic laminates.
Inset: measurement setup showing the GSG test structure. Scale bar, 200 um.
Source data are provided as a Source Data file.
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Fig. 4 | Electrical performance of RuMi inductors before and after the rolling
process. a, b Inductance and Q-factor versus frequency for RuMi inductors mea-
sured in planar and rolled-up states at different rolling lengths. Each device has 6
coil cells, and 6 stacks of Py/Ta laminates, a 15 pm-wide Cu conductor, and a 10 pm-
wide magnetic structure. ¢, d Measured and theoretical calculation inductance (c)
and the maximum Q-factor (d) as functions of rolling length of the RuMi inductors
in planar and rolled-up configurations, each with a varying number of cells. The
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calculated inductance for 2-, 4-, and 6-cell inductors (6 stacks of Py/Ta laminates,
15 um Cu width, and 10 um magnetic structure width) scales with #*in the rolled-up
state and scales with £/ in the planar states, respectively. The shaded regions cor-
respond to the scaling ranges of inductance and the experimental ranges of max-
imum Q-factor for planar and rolled-up inductors. Error bars show mean +s.d.
(n=3-5samples for different rolling length and coil cells). Source data are provided
as a Source Data file.

in the Q-factor is observed, reflecting the balance between inductance
enhancement and increased magnetic losses with additional magnetic
material. Consequently, the geometric parameters of magnetic layers,
such as lateral dimensions and Py/Ta stacks, directly modulate their
magnetic anisotropy field, while simultaneously influencing the mag-
netic flux distribution of the rolled-up 3D structure, thereby affecting
the electrical performance of RuMi inductors. Based on this analysis,
we identified wc, =15 um, wp, =10 um, 6 stacks of Py/Ta laminates as
optimal design parameters considering inductance and operational
frequency. Using these parameters, we fabricated RuMi inductors up
to 10 mm long with 6 coil cells, achieving unprecedented inductance in
a tiny footprint (Fig. 1g) and thus record-high inductance density.
Additionally, the Q-factors can be effectively raised by further

increasing the conductor width (wc, from 60 pm to 200 um) and
thickness (¢c, from 400 to 600nm). This method effectively
decreased the metal loss in the inductors, resulting maximum Q-factor
up to 9.5 that are sufficient for many on-chip inductor applications’*.
Further, adjusting these conductor parameters can effectively tune the
self-resonance frequency (e.g., ranging from 5.6 GHz to 7.5GHz in
Fig. 5d, e), providing designers with the flexibility to target specific
RF bands.

Figure 5f benchmarks the inductance area density multiplied by
maximum Q-factors versus operating frequency of the proposed RuMi
inductors against state-of-the-art counterparts from the literature (see
Supplementary Table 4 for detailed information, and Supplementary
Fig. 10 for a plot with LxQp,.x versus frequency)”**>#*_ Apparently,

Nature Communications | (2025)16:10072


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-65032-3

L (nH)

L (nH)

L (nH)

40

2.0

20

stacks

0.5

e N 6

stacks

stacks

L L 0.0
1 2 3

Frequency (GHz)
10

........ _tCu=400 nm
P ¥ . . th=500 nm
_ ...... tCu=600 nm |

Frequency (GHz)

Fig. 5 | Inductance of the RuMi inductors with varied design parameters, and
benchmarking of inductance density against literature counterparts.

a Measured inductance of the RuMi inductors for different conductor widths (wc,)
and magnetic-structure widths (wpy). All devices have 4 cells, a 2.4 mm rolling
length and 6 stacks of Py/Ta laminates. Error bars show mean + s.d. (n = 3-4 samples
for different wc, and wpy). b Measured inner diameter of the rolled-up structure
versus the number of Py/Ta laminate stacks, with corresponding optical images
(insets). Scale bars, 200 pm. Error bars show mean + s.d. (n =5 samples).
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length. d Inductance and Q-factor versus frequency for RuMi inductors with dif-
ferent conductor widths (wc,). All devices have two cells and 2 mm rolling length,
600 nm thick of copper and one stacks of Py/Ta laminates. e Inductance and
Q-factor versus frequency for RuMi inductors with different thickness of copper
(¢cw)- All devices have two cells, 2 mm rolling length, 200 pm width of copper and
one stacks of Py/Ta laminates. Source data are provided as a Source Data file.

f Benchmark of maximum Q-factor (Qmax) multiplied by inductance density (D)
versus frequency, comparing the RuMi inductors in this work with leading 2D or 3D
CMOS-compatible magnetic-integrated microinductors'##>#-5,
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the proposed RuMi inductors outperform current CMOS-compatible
magnetically-integrated 2D and 3D microinductors, meeting the
demanding requirements of next-generation on-chip RF integrated
circuits.

Discussion

This work fundamentally redefines the scaling paradigm for on-chip
inductors through 3D wound architectures with magnetic integration.
The RuMi inductors establish a superlinear scaling law of inductance
density (D < P*) enabled by synergistic 3D flux confinement and
optimized magnetic pathways. With a record-breaking density of
8333 nH/mm? at 0.55GHz while maintaining wafer-scale fabrication
with CMOS compatibility, this technology holds high potential to
fundamentally address the miniaturization bottleneck and enable
more compact RF SoC design. The structural design of RuMi inductors
is relatively simple, and the processing requires only four-step litho-
graphy, without any special substrate treatment™ and overheating
process', enabling the integration with current RF/analog technolo-
gies with relative ease (a possible integration process is shown in
Supplementary Note 8). Additionally, capacitors or resistors can be co-
patterned in the rolling area, forming self-assembled passive compo-
nent networks. Although the planar layout of RuMi inductors initially
occupies a large chip area, strategically placing them at the periphery
and dicing unused regions (Fig. 1f, inset) can effectively minimize the
overall footprint. This approach aligns with commercial RF SoC lay-
outs, where inductors are typically placed at the edges to reduce
interference.

Several approaches remain to further enhance inductance density
and shrink device dimensions beyond current demonstrations. Stress-
engineered nanomembranes could extend winding lengths beyond
10 mm with even smaller radii, while high-permeability materials (e.g.,
FeCoB*, CoZrTa’®) may further amplify flux density. Incorporating 2D
material like graphene conductors’ coupled with van der Waals
magnets®* could lead to sub-micron coils***° with unprecedented
inductance density and high Q-factors. Meanwhile, the current planar
meander layout (Fig. 1d) could evolve into a spiral structure (though
requiring additional insulating layers and vias) with the advantage of
the positive mutual inductance between adjacent coil cells. Preliminary
calculations and experimental data (Supplementary Note 9) indicate
that RuMi inductors with this spiral layout achieve substantially higher
inductance density and Q-factors than their meander-based
counterparts.

Beyond addressing the longstanding scaling challenge for passive
components, this work also paves the way for 3D heterogeneous
integration in advanced microelectronics. The ultrahigh-inductance-
density RuMi technology can revolutionize power management chips
by significantly reducing their footprint while enhancing efficiency and
enabling higher switching frequencies®. In quantum computing,
ultracompact RuMi inductors as resonators allow dense qubit arrays,
thereby facilitating large-scale quantum processors®. In micro-robot-
ics, GHz operation combined with sub-millimeter dimensions supports
wireless power transfer via near-field coupling in highly constrained
spaces®***, Moreover, the universal superlinear scaling law, indepen-
dent of specific material and fabrication methods, could potentially
shape RuMi inductors into a cornerstone for next-generation loT, 5G/
6G, and intelligent edge computing that require miniaturized RF
devices.

Methods

Fabrication of RuMi inductors

A 50 nm germanium (Ge) layer was deposited on a 2-inch C-plane
(0001) sapphire wafer by e-beam evaporation (Kurt J. Lesker Lab 18) as
the sacrificial layer. A 10 nm Al,O; layer was then deposited at 250 °C
by atomic layer deposition (Picosun R-200) to protect the Ge sacrificial
layer. SiN, was then deposited by inductively coupled plasma chemical

vapor deposition (ICP-CVD, PlasmaPro 100) as the strained layer.
Specifically, 20 nm low-frequency SiN, was deposited at 360 kHz with
compressive stress (~ -1200 MPa) and 20 nm high-frequency stress
SiN, was deposited at 13.56 MHz with tensile stress (- 200 MPa). The
stresses of the HF and LF SiNx films are calibrated in a previous
publication®.

Then, rolling areas were patterned by the first photolithography
(SUSS MAG6) step, followed by reactive ion etching (RIE, Trion T2) for
2 min at a pressure of 35 mTorr (30 sccm CF,4 and 1 sccm O, flow) and
RF power of 60 W. In the second photolithography process, we used a
lift-off process forming the metal electrodes with 10 nm chromium
/380 nm copper/10nm gold electrodes deposited by magnetron
sputtering (DETECH DES00DL). Then, a 20nm Al,O3 layer was
deposited by ALD at 250 °C, serving as the insulating layer between the
metal layer and the following magnetic layer.

In the third photolithography followed by a lift-off process,
magnetic stripes of multiple stacks of 50 nm permalloy/5 nm tantalum
laminates deposited by magnetron sputtering (DETECH DE500DL)
were defined. Another 10 nm Al,O; layer was deposited by ALD at
250 °C, serving as the cover layer to avoid any oxidation of the beneath
layers and protect the sacrificial layer from etching by XeF, in the
undesired area. Etching windows were opened by the fourth photo-
lithography process and the buffered oxide etch (BOE) etching pro-
cess. XeF, vapor was applied to selectively etch the sacrificial Ge layer
by XeF, Dry Etching System (Samco VPE-4F). Finally, the entire struc-
ture automatically rolled up and form multi-turn hollow tubular
structure.

Characterization of RuMi inductors

Morphological characteristics of the RuMi Inductors were character-
ized via SEM Zeiss Sigma 300. Optical images are captured via Zeiss
Axiolab 5. TEM characterization of the rolled-up metal layer and
laminated Py layer is performed by JEOL ARM20OF.

Magnetic performance characterization of RuMi inductors

The magnetic performance of laminated Py film was tested by Durham
Magneto Optics NanoMoke 3. The hysteresis loops of the rolled-up
magnetic-integrated inductors was measured by Quantum Design’s
MPMS 3. Magnetic force microscopy images were acquired by Bruker
Dimension Icon with a CoCr-coated probe (MESP-V2). All data were
measured at room temperature.

RF performance characterization of RuMi inductors

RF performance was measured using a R&S ZNL20 from 10 MHz to
20 GHz, and two port scattering parameters (S-parameters) were
obtained. An ‘open-through’ de-embedding procedure was used to
calibrate out the RF testing fixture effects. The RF testing fixture was
designed to a GSG configuration with 150 pm pitch for 40 GHz probes.

Data availability

Source data are provided with this paper. All other data supporting the
findings of this study are available from the corresponding authors
upon request. Source data are provided with this paper.

Code availability

The core code for calculation of the inductance of different physical
model is publicly available via GitHub at https://github.com/
NanomembraneGroup/RuMi_Inductor.git®. Other code that supports
the findings of this study is available from the corresponding authors
upon request.
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