nature communications

Article

https://doi.org/10.1038/s41467-025-57769-8

Wafer-scale platform for on-chip 3D radio
frequency lumped passive components using
metal self-rolled-up membrane technique

Received: 27 March 2024

Accepted: 1 March 2025

Published online: 13 March 2025

M Check for updates

Zhikun Zhou®", Zihan Zhang ®", Hanlin Zhang’', Xianchao Wei®", Wei He"?3,
Quhuan Shen?*, Xiuwen Bi* Tao Yuan ® %%, Xiaochen Chen ®23, Lei Sang' &
Wen Huang ® 5%

A wafer-scale metal self-rolled-up membrane platform has been proposed for
the design and fabrication of radio-frequency on-chip lumped passive com-
ponents, which is demonstrated on a commercial 4-inch sapphire batch fab-
rication line. Compared to the traditional methodology including planar or
SiN, based self-rolled-up membrane processing technologies to obtain the
most basic passive lumped components, such as inductors and capacitors on
the chip, this platform enables more compact three-dimensional construction
of the component device structure with higher electrical performance. For
demonstration, batches of wafer-scale RF inductors and capacitors are fabri-
cated through precise design based on electromagnetic analysis. Measure-
ment results show that radio-frequency inductor samples obtain inductance of
0.6 nH-3.4 nH and a maximum quality factor of 3.1~ 7.3 with the largest
inductance density of 2.26 uH/mm?, and a typical RF capacitor sample show
capacitance of 0.5 pF with the largest capacitance density of 1528.4 pF/mm?.
After post electroplating, coper layer thickness of a 1.1 nH inductor is increased
to be ~ 2.7 um from 120 nm with the inner diameter of 80 pm, and the max-
imum quality factor is significantly increased to 18 @ 1.4 GHz. Standalone
inductors can be successfully cut off from a 4-inch sapphire wafer by using
laser modification cutting.

On-chip passive components, such as inductors and capacitors, prin-
cipally employed for tuning', matching?, and filtering’, have been play-
ing crucial roles in radio-frequency (RF) circuits. The commonly used
planar spiral inductors usually occupy a large chip area due to the weak
mutual inductance between turns, which inevitably introduces serious
substrate parasitic effects limiting the maximum operating frequency
and the Q factor, especially when the substrate is heavily doped. Over
the past few decades, numerous scholars have conducted research
focusing on the miniaturization of passive components, exploring

aspects such as structure and materials*®, such as three-dimensional
(3D) micro-coil achieved by a two-photon stereolithography process
using a dual-stage scanning process’, silicon-embedded air-core tor-
oidal inductor for (Micro-Electro-Mechanical System) MEMS applica-
tions fabricated by silicon via technology?®, a novel multipath cross-over
interconnection octagon stacked spiral inductor which is manufactured
with the SiGe BiCMOS process’, etc. However, intricate manufacturing
processes and high production costs have constrained the further
advancement of these methods. For RF capacitors, as the demand for a
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broader range of capacitance values increases, numerous studies have
often focused on the preparation of high dielectric constant filler
materials and the series connection of capacitors. Hindered by the
influence of planar structures, achieving a significant improvement in
magnitude proves challenging, and their application frequencies typi-
cally lie below the millimeter wave range'®".

Recently developed plasma-enhanced chemical vapor deposition
(PECVD) SiN, SRuM technology offers a seamless breakthrough of
these limitations achieving intricately compact micrometer-scale
structures through an exceptionally straightforward process. This
not only facilitates miniaturization but also enhances the electrical
performance of high-end component devices. The diverse range of
flexible film materials for rolling enriches its application fields
extensively?, In the miniaturization of passive components, their
unique structures endow them with remarkably low parasitic effects
and substrate losses. Even when aiming for higher inductance or
capacitance, the footprint experiences only marginal increases. The
notable advantages of low cost and high yield make their commer-
cialization highly feasible.

However, the biggest challenge of using PECVD SiN, SRuM tech-
nology to fabricate high-performance on-chip components is that the
thicker the metal strip is, the more difficult the rolling becomes''®. The
maximum report stress difference of the SiN, bilayer was 1574.95 MPa
(Low Frequency: -1168MPa; High Frequency: 406.95MPa), which
allows up to 225 nm copper (Cu) strip to be rolled up, resulting in a
200 um large inner diameter tubular structure. Therefore, for exam-
ple, the maximum Q factor of the demonstrated 3.5 nH SiN, microtube
inductor was less than 2.3@2 GHz. Moreover, the pinhole effect in SiNy
thin films necessitates additional process solutions, undoubtedly
escalating manufacturing risks and limiting its practical application™.
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Fig. 1| Fabrication process of M-SRuM platform. a Deposition of 40 nm Ge on a
sapphire wafer and the 1st lithography step to define a mesa by inductively coupled
plasma (ICP) or reaction ion-etching (RIE). b Deposition of 15 nm Al,Oj3 thin film by
ALD. c (1-2) After the 2nd lithography step, Ti-Cr-Cu multiple thin film layers were
deposited sequentially on the mesa. d (1-2) The 3rd lithography step was used to

P

To address the pinhole issues associated with PECVD SiN, nanomem-
brane, atomic layer deposition (ALD) aluminum oxide (Al,O5) layer or
sputtered aluminum nitride (AIN) layer can be deposited on top of the
SiN, nanomembrane®. However, in order to complete the rolling, the
thickness of the conductive metal layer is limited to be less than a few
hundred nanometers, resulting in a relatively large ohmic loss and low
Q factor. Recently, post electroplating method was proposed and
implemented for SiN, SRuM passive components, which provides a
very promising way to solve this bottleneck problem of SRuM
technology?.

In this paper, a wafer-scale metal self-rolled-up membrane (M-SRuM)
platform is proposed and used to design and fabricate wafer-scale high-
performance microtube lumped passive components on a commercial
4-inch sapphire batch fabrication line. Unlike in the traditional SiN,
S-RuM technology, other than conducting signals, composite strained
metal layer is designed to provide the rolling force instead of SiNy
nanomembrane, which realize a simple way to fabricate the tubular
lumped passive components with smaller on-chip footprint without any
pinhole issue. Detailed analysis was conducted to investigate the impact
of structural parameters on the electrical performance of self-rolling
passive lumped components. Moreover, wafer-scale post electroplating
of M-SRuM inductors with Ti/Cr/Cu layers was demonstrated to greatly
improve the Q factor, and the standalone M-SRuM inductors were suc-
cessfully cut off from a 4-inch sapphire wafer by laser modification
cutting.

Results

Structure design and processing flow

The structure design and processing flow of the M-SRuM platform are
shown in Fig. 1, which is compatible with typical semiconductor

: . inductor
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define an etching window. e (1-2) Removal of Ge sacrificial layer to trigger the self-
rolling process of the stacked membrane. flayers display. g Top view of the 4-inch
sapphire wafer after processing and top view of microtube RF inductor samples
with 12 different design types.
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Fig. 2 | Structure design of M-SRuM inductors and capacitors and corre-
sponding equivalent lumped circuit model. a Structural parameter of the
M-SRuM inductor. b Schematic of the parasitic parameters of the M-SRuM induc-
tors. ¢ Optical image of the M-SRuM inductors. d The equivalent circuit model of
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the M-SRuM inductors. e Structural dimension parameters of the planar capacitors.
fSchematic of the parasitic parameters of the M-SRuM capacitors. g The equivalent
circuit of the M-SRuM capacitors.

processing, see Methods and Movie 1 for detailed manufacturing
processes. The platform imposes no strict limitations on the substrate
material, requiring only a smooth surface, good rigidity, and insulation
properties. In this study, a sapphire substrate was chosen to accom-
modate an XeF, dry etching environment. Alternatively, if a silicon
substrate were employed, an XeF, resisted protection layer (e.g. SiO,)
or photolithography resist could be applied to protect the silicon
surface before etching, or a hydrogen peroxide wet etching process
could be utilized". The platform offers flexibility in device fabrication
by simply altering the layout of the conductive layer. This study
exemplifies this flexibility through the examples of RF inductors and
capacitors. Figure la-e shows the multilayer membrane structure
design and primary processing steps, and each layer material is shown
in Fig. 1f. Figure 1a-b-c1-d1-el, 1a-b-c2-d2-e2 illustrates the fabrication of
M-SRuM inductors and capacitors, respectively. A different step for the
deposition of the metal layer is shown in Fig. 1c. The entire process
requires only three lithography steps. Notice that the aluminum oxide
(Al,03) layer with a thickness of 15 nm covers the sacrificial surface to
ensure the direction of rolling and electrical isolation. The tensile

stress is mainly provided by the chromium (Cr) layer, and the titanium
(Ti) layer is used for adhesion. In this design, the Al,O5 film is prepared
using an atomic layer deposition (ALD) system, while the stress layer
and metal layer are successively deposited in the same processing
sequence through electron beam evaporation (E-beam). In the case of
no post-electroplating is needed, a 5nm thick gold layer can be
deposited on the copper layer surface after the deposition of Ti/Cr/Cu
metal multilayers to prevent the oxidation. Figure 1g shows the top
view of the fabricated wafer-scale M-SRuM inductors on a 4-inch sap-
phire wafer. In the red dotted line exploded box shown in Fig. 1g,
several types of M-SRuM inductors with 12 different design types are
fabricated on a die area, and their photo images are shown in Fig. 1g
with a fabrication yield of 91.7%.

Working mechanism and electrical design

The pattern and structural dimensions of the M-SRuM inductors and
capacitors before rolling up are shown in Fig. 2a, e. The layout design of
the components encompasses both the component section and the test
fixture section, with specific dimensional parameters detailed in Table 1.
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Table 1| Structural parameters of the M-SRuM inductors and
capacitors

Symbol Description

[ length of the strip

[ length of the connecting line

w, width of the strip

t. the thickness of the copper layer

t.o the thickness of aluminum oxide layer
N number of turns

D the outer diameter

[ the length of the interdigital fingers
w, the width of the electrode

wi the width of interdigital fingers

Wy the gap between interdigital fingers
Wre the gap between the interdigital finger and electrode

The inset figure in Fig. 2a illustrates the chamfer design, which controls
the direction of film stress, guiding it to roll steadily along the designed
track®. As shown in Fig. 2b, the inductance is derived from the self-
inductance of each cell Ly, and the mutual inductance between cells.
The distributed capacitance C. exists between layers of the circular
rolled-up cells in parallel, which is the function of structural parameters
and frequency. The parasitic capacitance C can be neglected due to the
small projection area of the rolled-up structure on the substrate, which
significantly reduces the substrate parasitic effects. Figure 2c shows
optical images of 2-cell M-SRuM inductor. The nanoscale thickness of the
AlL,O; layer can be seen between the cells. Figure 2d presents an
equivalent lumped model for the M-SRuM inductor?, allowing the flex-
ible, discrete design to meet various application scenarios. The model
primarily includes resistances (R;, R,, ... R;), distributed capacitance C
between coils and parasitic capacitance Cs between inductor and sub-
strate and self-inductance_ Ly ; and mutual inductance(the mutual
inductance of adjacent cells M,,; and the mutual inductance of far
cells Mgq,): L=Lggs 1+ ... +Logp — Myqj — My, Resistances can be

calculated by R=pl /(wt ofr), where toer =2+/2 /wpo(1 — eV \/%) is the
effective thickness, p is the electrical conductivity, which depends on
surface roughness and the operating temperature. Therefore, a two-
pronged approach was taken to reduce equivalent resistance and
achieve excellent electrical performance in the design. On the one hand,
economically efficient and highly conductive copper was chosen as the
primary conductive layer; on the other hand, efforts were made to
maximize the deposition thickness of the metal film up to 345nm in
experiment, as shown in Supplementary Fig. 1.

As shown in Fig. 2e, the structure of M-SRuUM components (a
capacitor was designed as an example) can also employ a side-bar
approach to stabilize directional rolling without contributing to any
electrical characteristics. This approach doesn’t introduce additional
processing steps or impose other strain loads on the component. The
working mechanism of the M-SRuM capacitor can be represented by
the equivalent lumped circuit model as shown in Fig. 2f, g”. Unlike the
traditional planar interdigital capacitors primarily rely on gap capaci-
tance, the M-SRuM capacitor, due to its unique structure, can simul-
taneously possess gap capacitance Cy; between electrodes,
overlapping capacitance C, in the overlapping region between adja-
cent turns, and parasitic crosstalk capacitance C; between turns
formed by feedlines. Optical images of the M-SRuM capacitor with bar
are presented in Supplementary Fig. 2.

The presence of overlapping capacitance C, is particularly note-
worthy, as it enables a significant enhancement in the capacitance of
the M-SRuM capacitor compared to planar interdigitated capacitors.
Optical images of the M-SRuM capacitor are presented in

Supplementary Fig. 2e (with supporting bars) and (f). Figure 2g dis-
tinctly illustrates the interlacing of different electrodes, forming the
state of plate capacitance.

According to the working mechanism of M-SRuM components,
for inductors, the inductance can be increased by increasing the
number of rolled-up turns and serially connected rolled-up cells, or
reducing the canceling mutual inductance between cells by increasing
the cell separation distance /.. For a M-SRuM capacitor, the gap
capacitance C, between fingers is a constant value and the parasitic
crosstalk capacitance C; is negligible. Therefore, the inner diameter
depended overlapping capacitance C, dominates the value of the
capacitor, which is able to be tuned by engineering the residual stress
of each thin film layer to create different overlapping status of the
interdigital fingers. This unique characteristic allows the capacitance
of M-SRuM capacitors to be designed in a wide range. The capacitance
value could be several orders of magnitude different, which enables
the M-SRuM capacitors to be used as both energy storage and RF
application components®?*.

EM analysis of M-SRuM inductors and capacitors
Electromagnetic (EM) finite element modeling (FEM) analysis of
M-SRuM inductors considering skin effect and proximity effect is
proposed to precisely predict the electrical performance. As shown in
Fig. 3a, the skin effect distributed at both ends of the microtube can be
quantitatively calculated, which increases the ohmic loss at high fre-
quencies of 5 GHz, and the thickness of the copper layer ¢, of 100 nm.
Figure 3b shows the proximity effects of the M-SRuM inductor with
different separation distance between two cells. Under a current
excitation of 100 mA at a frequency of 5GHz, the current is con-
centrated inward in the section of the copper strip with the current
density reaches a maximum value of 2.5 x 10° A/m?when the separation
distance is 5 pm, which is -2 times larger than that of the copper strip
with the separation distance of 50 pm. The current is mainly affected
by the skin effect and distributed at the edge of the conductor section
when the inductor cell separation distance is 50 pm. Due to the
structural characteristics of the M-SRuM inductors, the current trans-
mission between adjacent cells is in different directions, and the
alternating magnetic fields generated by each other create eddy cur-
rents on the other adjacent cell. The superposition of the working
current and the excited eddy current makes the actual current flow to
the adjacent side concentrated, which will undoubtedly increase the
effective resistance of the conductor and increase the loss.

Figure 3c illustrates the magnetic flux density distribution of the
cross-section of two inductor cells with an inner diameter of 60 pm,
[.=30 pm w;=100 pum, N=3 under 100 mA DC excitation. This model
was used to determine the length of the connecting line /. to achieve
an acceptable penalty of magnetic coupling cancellation between
adjacent cells, M-SRuM inductors exhibit a strong magnetic flux con-
finement capability compared to planar spiral inductors due to the 3D
tubular structure which helps to better limit the magnetic field,
thereby enhancing the magnetic energy storage capability, and sig-
nificantly reducing the footprint and substrate parasitic capacitance to
obtain high inductance density, as shown in Supplementary Fig. 5.

Figure 3d, e shows the magnetic flux intensity B in axial direction
and diameter direction of the M-SRuM inductor in series of two cells in
Fig. 3c. From the axial direction /;, the magnetic flux intensity B of the
middle position of a single inductor is the largest, and it decreases
rapidly to both sides due to the maximum mutual coupling of mag-
netic field at the middle position. The magnetic flux intensity B in the
diameter direction /; shows that the magnetic flux intensity B is greater
closer to the electrified metal, and the minimum B is in the middle of
the ring. A solution to address this issue is to increase the thickness of
the metal layer. However, hundreds of nanometers thickness could be
the limitation of the metal layer for a successful rolling unless the
residual stress difference of multiple layers could be further increased.
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Fig. 3 | EM analysis of devices designed by the M-SRuM platform. a Skin effect of
M-SRuM inductor. b Proximity effect of M-SRuM inductor. ¢ Magnetic flux density
distribution and magnetic coupling cancellation of M-SRuM inductor. d, e Diame-
tral [; and axial /; magnetic flux intensities. f-h Charge distribution of the M-SRuM

1.20 T T T T T
INt13
i
o105k —— D=6 pmd
T 100 . el
& 1 2 3 4 5
Z1. Y
E1L05E
Z 1.00 F ]
2095F —— D=60 pmi
0.90 n n - L L
P 10 20 30 40 50 [
2 1.05 T T T T
= 1.00 F
£ ]
S090F D=100 pm]
—— D=60 um £0.85 35 45 % & I o
D=100 pm § ggg T T -
D=200 ym 080 F
. . . g;g 3 N ,  D=200 yn
0 50 100 150 200 50 100 150 200
Wy (pm) 3 Distance (pum)
Surface charge density (uC/m?) h Surface charge density (uC/m?)

Electric potential and electric field (V)

= N
-
AR

interdigital capacitor: maximum, average, and minimum. i-k Electric field at dif-
ferent states of the interdigital distribution of the M-SRuM capacitor: maximum,
moderate, and minimum.

Figure 3f-h presents FEM simulations of the charge distribution in
M-SRuM capacitors under different interdigitated configurations, and
Fig. 3i-k shows the corresponding potential distribution. In Fig. 3f, i,
the capacitor is in a state of maximum capacitance, where the inter-
digitated electrodes of adjacent layers overlap entirely. Figure 3g, j
represents the most common state for M-SRuM RF capacitors, with
partial overlap of electrodes between adjacent layers, resulting in a
mid-range capacitance value. Finally, Fig. 3h, k illustrates the minimum
capacitance state, where the interdigitated electrodes of adjacent
layers with the same polarity completely overlap, resulting in no
potential difference between interdigitations, and the capacitance is
primarily derived from the gap capacitance C,, gap capacitance Cr
between electrodes and parasitic crosstalk capacitance C;. The dis-
tribution of interdigitations determines the size of the overlapping
capacitance C,, thereby influencing the overall capacitance of the
capacitor. The capacitance of M-SRuM capacitors, as compared to
Planar interdigital capacitors, not only experiences a significant

increase in magnitude but also markedly reduces the footprint of the
capacitor.

M-SRuM inductors and capacitors with different structures and
metal layer (copper) thicknesses have been successfully mass-
produced from a four-inch wafer. The manufacturing processes for
inductors and capacitors are highly compatible, allowing for the batch
preparation of various devices on the M-SRuM platform, which offers
increased cost-effectiveness. Specific structures and electrical perfor-
mances are detailed in Table 2, except for Ti (100 nm)/Cr (70 nm) used
in batch 3.1, the other samples are fabricated using Ti (100 nm)/Cr
(100 nm) metal layer. With inductance ranges from 0.6 nH to 3.4 nH
and Q factor ranges from 0.6 to 7.3. The maximum inductance density
and capacitance density reach 2.26 pH/mm? and 1528.4 pF/mm?®,
respectively (The RF characteristic of C2 is shown in Supplementary
Fig. 6). The inductance of planar spiral inductors exhibits a linear
relationship with the metal wire length, whereas the inductance of
M-SRuM inductors shows a superlinear relationship (almost square law
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Table 2 | Primary dimensional parameters and performance for inductors

Batch t.(nm) wg(pum) I (pm) l.(um) D(pum) N fo(GHz) L(nH) Q@GHz L(nH/mm?)
1.1 100 200 1300 60 57 4 6.9 3.2 3.0@2.3 57.3

12 100 200 890 60 54 2 6.2 0.6 3.5@2.3 24.2

1.3 100 200 1300 60 58 2 7.0 1.3 5.2@3.3 48.7

1.4 100 250 1300 60 57 2 6.2 1.1 4.1@2.5 34.5

15 100 100 1300 60 57 2 5.5 21 2.5@2.1 141.2

21 75 10 1040 6 51 2 26 3.0 1.6@10 2262

2.2 75 30 1040 15 52 2 22 2.3 2.3@8.8 589

2.3 75 50 1200 10 53 2 12.8 2.5 1.8@5.3 428

2.4 75 75 1300 15 55 2 15 2.1 2.2@5.4 231

25 75 200 890 30 47 2 4.2 0.5 2.3@1.4 24.7

2.6 75 200 1550 30 63 2 3.1 1.8 2.1@1.5 66.4

2.7 75 100 1040 15 49 2 3.8 1.6 1.4@1.9 151.9

3.1 150 120 2000 20 60 2 14 29 7.3@8 186

Batch t(hm) l(um) lidum) wi{um) Wer (UM) Wore(m) We(um) Capacitance(pF)
C1 75 715 35 30 10 10 30 0.5

Cc2 75 1310 40 10 5 10 80 0.36

relationship). This suggests that M-SRuM inductors may not require a
larger area compared to that of the planar spiral inductors with the
same inductance, especially when the required inductance is large.
This means even the area these M-SRuM inductors occupied originally
in the planar state cannot be used for any other patterns, the entire
chip size could be smaller than that of chips using planar spiral
inductors. For example, the planar area of batch 2.1 is 44% smaller than
the planar spiral inductor®, yet these values still fall short of the ulti-
mate potential of the M-SRuM platform.

The inner diameter can reach 42 pm as shown in Supplementary
Fig. 2, and the fabrication process is not only more efficient but also
significantly smaller than the inner diameter of the SiNy, SRuM RF
capacitors reported previously?.

A large number of M-SRuM inductors and capacitors with various
physical dimensions were successfully fabricated, and the corre-
sponding design layout and optical sample images are shown in Fig. 4a-
p (Ti-Cr-Cu:100 nm-100 nm-100 nm. Al,05:15 nm. Ge: 40 nm). Also, the
diameter can remain a constant number once the layered membrane
structure is determined. For the samples with the same rolled-up
length [, but different strip width w, and connecting line length /. on a
same 4” Wafer, the variation of outer diameter was calculated to be
3.84 pm based on the data in Fig. 4q. After three months of being
exposed to the air without any packaging, the inner diameter of
M-SRuM inductor samples shown in Supplementary Fig. 3 remain
unchanged showing the stability of M-SRuM microtube structures,
which indicates that there is ample time for the subsequent encapsu-
lation of the self-rolling devices. The results of I-V tests of samples
(¢, =100nm) under input DC voltage from OV to 1V are plotted in
Supplementary Fig. 4, and the DC resistance can be calculated to be 6.5
Q,7.8Q, and 9.1Q, respectively. (Note that the resistance of the fixture
is 4.6 Q). Therefore, the resistance of the device is 1.9 Q, 3.2 O, and 4.5
Q, respectively. Moreover, the M-SRuM inductor samples are able to
work at an input DC of 100 mA or 3.3 A/mm? area current density with
minimal ohmic heating effect, meeting the requirement of the current
handling ability of most RF on-chip applications.

The electrical properties of M-SRuM inductors and capacitors

The electrical performance of the M-SRuM inductor and capacitor are
indicated in Fig. 5 and the principle of the test is shown in Supplementary
Figs. 13 and 14. The frequency-dependent inductance and Q factor of
M-SRuM inductor samples v.s. key physical parameters such as the
number of cells, the length of the metal strip [, the width of the metal
wy, and the thickness of the metal strip ¢, are plotted in Fig. 5a to Fig. 5d,

respectively. It can be found that there is a linear relationship between
the inductance and the number of cells, a square law relationship
between the inductance and the number of turns, or the rolled-up strip
length. However, for a narrower strip, the change of the inductance and
the Q factor is uncertain, which depends on the balance of the reduced
cross-talk parasitic capacitance and the increase of the inductance of one
cell, as shown in Fig. 5a. It can be noticed from Fig. 5b that the length of
the strip (batch#1.2&1.3) [ is increased from 890 pm to 1300 pm (the
diameter and the number of turns is only increased by 4 ym and 2.1
turns, respectively), the inductance value is increased from 0.6 nH to 1.3
nH, and maximum Q factor is increased from 3.5 to 5.2. More impor-
tantly, the footprint area is only increased by 5% when the inductance is
increased by 117%. As shown in Fig. 5c It is easier to obtain higher
inductance with smaller width w, but too small width w; will have higher
ohmic resistance, which will cause smaller Q factor (batch#2.1).

Figure 5d demonstrates the comparative electrical performance
of M-SRuM inductors with copper layer film thicknesses of 100 nm and
75nm. It’s evident that the thickness of the metal layer significantly
influences the Q factor. In the preceding process, the most effective
method for enhancing the Q factor was increasing the strain layer’s
stress to accommodate thicker metal layers, thereby reducing film
resistance. As shown in Fig. Se, the thermal stability of the M-SRuM
inductor was tested, details in Supplementary Fig. 7. When the tem-
perature increases by 80 Kelvin, the inductance changes by 9% at
3 GHz due to the relatively larger thermal resistance of the 3D struc-
ture, which could be reduced by post-chemical plating or electro-
plating and adding a heat sink structure to the M-SRuM inductor.
Figure 5f illustrates the maximum (state A), moderate (state B), and
minimum (state C) states of a capacitor. As the overlapping area
between adjacent layers increases, the capacitance rises from 0.012 pF
to 0.5 pF. Correspondingly, the resonant frequency decreases. More-
over, the M-SRuM capacitor reduces its area relative to its planar
structure by 92%. The relationship between the resonant frequency f .
and the capacitance value (C) of the M-SRuM capacitor can be esti-
mated as: f.o=1/(2m+v/Cx ESL ), where ESL represents the equivalent
series inductance. Apparently, capacitors with smaller capacitance
values and lower ESL exhibit higher SRF.

It can be found that the L4, (inductance/footprint) and Q of
M-SRuM inductors are 186 nH/mm? and 7.3@8 GHz, respectively, as
shown in Table 3, which has higher inductance density compared with
the ordinary inductor. Compared with the best performance of the 3.5
nH SiN, SRuM inductors reported previously, M-SRuM inductors with
Ti/Cr/Cu metal layer shows much better electrical performance. For
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Fig. 4 | Inductors of different structures fabricated by M-SRuM platform. a-p A large number of different sample designs and optical diagrams in the same batch, scale
bar:100 pm. q Outside diameters of M-SRuM inductors of different widths and lengths in the same batch.

the 2.9 nH M-SRuM inductor sample without post electroplating in this
work, the inner diameter is only 60 pm which is reduced by 140 pm.
The on-chip footprint is therefore reduced by 88% with inductance
density increased by 5.9x (186 nH/mm?). More importantly, the max-
imum Q factor improved from 2.3@2 GHz to 7.3@8 GHz meaning
higher working frequency is available.

This substantiates the ability to accommodate thicker metal films,
thereby achieving higher Q factor. The M-SRuM capacitor boasts a
capacitance density of 1528.4 pF/mm?® and operates within the micro-
wave frequency range. In comparison to conventional on-chip capa-
citors, it not only demonstrates a magnitude-level advantage in energy
storage capacity but also spans a broader range of applicable
frequencies.

Table 4 delineates a comparative analysis between M-SRuM
inductors, capacitors, and mainstream commercial electronic com-
ponents. Passive components engineered on the M-SRuM platform

represent a revolutionary shift in the design and manufacturing prin-
ciples of on-chip passive components. This transformation extends to
reshaping spatial electromagnetic distribution and storage methods,
endowing them with remarkably high electromagnetic energy density
characteristics and a broader application frequency spectrum. For
instance, the M-SRuM inductor (Batch#2.1) surpasses TDK by 50 times
and MURATA by 200 times, while the M-SRuM capacitor outperforms
MURATA by a factor of 3000. These findings underscore the immense
commercial potential inherent in M-SRuM technology.

Post-electroplating and method to obtain standalone M-SRuM
components

Due to the limitation of SRUM technology, it is almost impossible to
roll micrometer copper layer into tubular structures, which is always
accompanied by serious skin effect. Therefore, the most effective way
to solve the problem is to do post electroplating to thicken the
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Table 3 | Comparison table for M-SRUM inductors and capacitor

Reference L(nH) Q Area(mm?) Lgensity(NH{mMm?)
Chen2016*° 214 N/A 0.462 4.6
Eblabla2018% 0.815 22@24 GHz 0.072 1.3

Kang2018¢ 1.2 12@30 GHz 0.04 30
Huang2020" 35 2.3@2 GHz 0.13 26.9

This work 2.9 7.3@8 Hz 0.0156 186

Reference Geometry C(pF) Volume(mm?) Cdensity(PPAMmM?®)
Blaz2021* 3D 10@50KHz 2657.7 0.0038

Ali 2019°° 3D 120 000 425250 0.2822

Wang 2017%' 3D 2 70.4 0.0284
Ahmad2022% 25D 0.45 59.17 0.0076

This work 3D 0.5 2.0606*10* 1528.4

conductive metal layer after the tubular structure is formed. In this
paper, the Cu layer is put on top of the surface to facilitate the
implementation of the post-electroplating. The electroplating recipe is
as follows: as shown in Fig. 6a, the sample was immersed in the elec-
troplating solution with the anode connected to a phosphorus-copper

plate and the cathode connected to the common sample pad on the
wafer. The base plating solution (virgin makeup solution, VMS) used
CuSO, as the primary salt (18 g/200 ml) with a Cl-concentration of
60 mg/L. A cathode probe was attached to the pad at the center of the
common sample pad, and upon applying current, a reduction reaction

Nature Communications | (2025)16:2491


www.nature.com/naturecommunications

Article

https://doi.org/10.1038/s41467-025-57769-8

Table 4 | Comparison of M-SRuM inductors and capacitors and mainstream commercial inductors

Company Product Length(mm) Width(mm) Height(mm) L(nH) Leensity (MH/ mm?) SRF(GHz)
MURATA LQPO2HVON5B02 0.4+£0.02 0.2+0.02 0.3£0.02 0.5 0.00625 18
LQPO2HVINOCO2 0.4+0.02 0.2+0.02 0.3+0.02 1 0.0125 16.6
TDK MHQO603P4N7CTO00O 0.65+0.05 0.35+0.05 0.35+£0.05 4.7 0.02 5.5
MHQO603P10NHTO00 0.65+0.05 0.35+0.05 0.35+£0.05 10 0.04 &5
CHILISIN BSCH_060303 0.60+0.03 0.3+0.03 0.3+x0.03 10 0.056 3.4
M-SRuM inductor Batch#2.1 0.026 0.051 0.051 3 2.26 25
Batch#2.2 0.075 0.052 0.052 2.38 0.59 19
Company Product Length(mm) Width(mm) Height(mm) C(pH) Coensity(PF/mm®)
MURATA GRM1551XTHR1OWAO1 1.0+£0.05 0.5+0.05 0.5+0.05 01 0.4
GRM1885C2AR50BA01 1.6+0.1 0.8+0.1 0.8+0.1 0.5 0.49
M-SRuM capacitor C1 0.105 0.063 0.063 05 1528.4
a ulsed power supply mixer b

anode
CuSO,

Frequency (GHz)

Fig. 6 | Electroplating and laser modification cutting of the M-SRuM inductors.
aElectroplating platform controlled by pulse power supply. b Mask plate design for
batch electroplating of M-SRuM inductors. ¢, d Electroplating of microtubes: Ti
(100 nm)/Cr (100 nm)/Cu (50 nm), after 100 electroplating cycles, the diameter of
the microtube is 36.2 pm, and the thickness of edge becomes 1.32 pm.

e Electroplating of M-SRuM inductor: Ti (100 nm)/Cr (100 nm)/Cu (120 nm), the
M-SRuM inductor after 200 plating cycles and Q factor reaches 18 without de-
embedding, the diameter is 80 um. f The standalone M-SRuM components were cut
from the sapphire wafer using laser modification cutting.

occurred on the device surface along the connection line of the
common sample pad, resulting in a thicker copper layer and com-
pleting the electroplating of the entire inductors. Notably, the induc-
tors needed to be connected to the current before adding the

electroplating solution to prevent corrosion of the inductors by the
solution. This precaution is essential, as copper ions on the surface of
inductors without an applied current may react with the electroplating
solution. To improve the quality and uniformity of the electroplated
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copper layer, the reaction platform was placed on a magnetic stirrer to
agitate the solution continuously. Pulse current was used for electro-
plating the inductors, with a 6 s on and 2 s off cycle to facilitate timely
replenishment of copper ions, while the current was set at 6 mA.

Figure 6b shows the mask design for the wafer-scale electroplat-
ing inductors. By connecting all inductors to the same conductive pad
through the connection line of the common sample pad, simultaneous
electroplating can be completed. As shown in Fig. 6¢-d, a batch of
microtubes can be plated through the connection line of the common
sample pad. After 100 pulse cycles, the thickness of copper increased
from 50 nm to 1.32 pm after plating, and the diameter remains only
36.2 um with little change, more details in Supplementary Fig. 9. For 1.1
nH M-SRuM inductor sample, plating for 200 pulse cycles results in a
significant reduction of the DC resistance from 1.4 Q to 0.16 Q, more
details in Supplementary Fig. 10. The thickness of copper layer after
plating is 2.7 um based on the experiment data shown in Fig. 6¢-d, and
more plating details on the inductor structure in Supplementary Fig. 11
and Movie 2, the effectiveness of electroplating is directly influenced
by the size of the gap between turns. When the structure is overly
compact, it is unable to receive a timely replenishment of copper ions,
which impairs the plating quality. However, by utilizing mechanical
control or making structural modifications to ensure an adequately
gap size, favorable electroplating results can be achieved. After plat-
ing, the Q factor of the M-SRuM inductor is greatly increased to
18@1.4 GHz with inner diameter of only 80 um as shown in Fig. 6e. It
can be seen that increasing the thickness of the top metal layer
through the post-plating process is able to reduce the DC ohmic
resistance significantly and to improve the Q factor greatly. Compared
with the commercial on-chip 1 nH inductor and its Q factor in
smic5511rf design kit (ind _2Tdiff alutm_psub), the 1.1 nH M-SRuM
inductor sample takes up only 69% of its chip area, and 1.45x larger
inductance density and 2.43x better Q factor.

As shown in Fig. 6f, the laser modification cutting was successfully
used to cut off standalone M-SRuM components off the 4-inch sap-
phire wafer. There is no structure change after cutting meaning that
the method can effectively protect the structural integrity of the on-
chip components of the 3D structure. The minimum distance between
the cutting position and the element is 150 pm when the wafer thick-
ness is 450 um, and this distance can be further reduced if thinner
wafer is used. In addition to this, the stability tests in Supplementary
Figs. 8, 12 and Movie 3 also demonstrate the excellent stability of the
3D structures fabricated by this technique.

Discussion

This paper demonstrates a novel self-rolled-up platform for on-chip
lumped passive components, exemplified by inductors and capacitors.
The fabrication process was conducted on a 4-inch commercial semi-
conductor production line, underscoring its potential for commercial
viability. Featuring remarkably high electromagnetic density, the pas-
sive components crafted via this innovative approach offer consider-
able promise for both research and commercial applications. Not only
are they suitable for cutting-edge research in miniaturized applica-
tions, but they also represent a paradigm shift in the manufacturing
methodologies of traditional passive components. Compared to the
SiN, process, the pure metal-driven platform obviates the need for
SiN, and Al,O3 required to mitigate pinhole effects.

However, several critical challenges remain for these 3D compo-
nents, which lack standardized design and manufacturing processes.
From a design perspective, the establishment of a standardized process
design kit (PDK) is crucial for guiding circuit integration, which still
requires extensive process validation. Since the structure of a M-SRuM
components is mainly controlled by the stress of its multilayer films,
how to control the stress uniformity of each layer must be considered
when fabricating at wafer scale. In addition, in the complex post-
electroplating environment, for such small components, plating

uniformity also needs to be considered, and these issues need to be
more concerned in larger wager wafer scale production processes. The
control of multilayer stress in M-SRuM passive components is para-
mount throughout the entire fabrication process in the manufacturing
process. Furthermore, packaging is an unavoidable step towards the
application of M-SRuM passive components, necessitating a compre-
hensive consideration of electrical performance, mechanical, and che-
mical protection. A standardized packaging methodology could serve
as a vital reference for similar complex 3D components packaging.

Methods

The fabrication process begins with the preparation of the sapphire
wafer, which has a diameter of 4 inches and a thickness of 650 um,
serving as the substrate. A 50-100 nm Ge sacrificial layer is then
deposited on the wafer surface using electron beam evaporation. Next,
an anti-reflective coating and a positive photoresist (UV135) are spin-
coated onto the wafer for the first lithography step, which defines the
mesa. The lithographic exposure is carried out using a Nikon S204 DUV
machine, followed by development with ZX238 developer. The mesa is
then etched using inductively coupled plasma (ICP) with CHF;. After
etching, the photoresist is stripped using a rinse of N-methyl pyrroli-
done, followed by a plasma cleaning process to remove any residual
photoresist. This cleaning step is performed at 50 °C for 6 minutes, with
a gas flow rate of 500 sccm, a pressure of 1.2 mbar, and 600 W of power.
The next step involves the deposition of a cover layer. A 15-20 nm Al,O5
layer is deposited at 250 °C using the MNT-S atomic layer deposition
(ALD) system. For the second lithography step, a negative photoresist
(K7250) is spin-coated, exposed using the Nikon S204 DUV lithography
machine, and developed with ZX238 developer. The metal pattern is
then created by sequentially depositing multilayers of Ti, Cr, and Cu
through electron beam evaporation. The photoresist is removed
through a rinse with N-methyl pyrrolidone. A third lithography step is
used to open the etching window. This begins with spin-coating another
layer of negative photoresist (K7250), followed by exposure and
development using the same equipment and process as before.
Inductively coupled plasma (ICP) etching is then employed to etch the
alumina layer down to the Ge or even the substrate, exposing part of the
Ge and forming a window. Finally, dry etching is performed using XeF,
to etch away the sacrificial Ge layer. This process releases the stress of
multilayers, initiating the directional rolling process from the etching
window and completing the preparation of the M-SRuM component.

Data availability

All data generated in this study are provided in the article, Supple-
mentary Information and Source Data file. Source data are provided
with this paper.
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