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ABSTRACT Cellulose nanofbril (CNF) substrates that are inexpensive, biodegradable, and quickly in-
cinerable, are potential substrates for disposable RF applications. In this paper, high-performance fexible 
microwave lumped elements and flters fabricated on fexible CNF substrates are reported. A spiral inductor 
with a resonance frequency of 29.8 GHz and quality (Q) factor of 8.5 and a metal-insulator-metal (MIM) 
capacitor with a resonance frequency of 45 GHz and Q factor of 85.2 were achieved in a 200 μm thick 
CNF substrate. Meanwhile, the inductor and capacitor exhibit outstanding mechanical bendability, that is 
negligible performance changes were observed when they were bent to a radius as small as 15 mm. Based on 
the spiral inductor and MIM capacitor, a 5-GHz band-stop flter and a 4 GHz band-pass flter with excellent 
mechanical bendability were further demonstrated on the CNF substrate. These results indicate the potential 
of using CNF as substrates for broader microwave applications. 

INDEX TERMS Cellulose nanofbril, fexible electronics, microwave applications, radio-frequency inductor-
capacitor and flters. 

I. INTRODUCTION 
Microwave electronics have been experiencing signifcant 
evolutions over the last few decades, from bulky vacuum 
tube-based devices, and printed circuit boards (PCB), to com-
pact monolithic microwave integrated circuits (MMIC). In the 
recent decade, microwave electronics in mechanically fex-
ible/stretchable form have emerged and experienced rapid 
development to address new requirements from emerging 
wearable devices, which cannot be easily addressed by con-
ventional rigid microwave electronics [1]. To achieve mechan-
ical fexible electronics, bendable substrates with excellent 
microwave properties including low resistive loss and low 

tangent loss are required, in addition to bendable semicon-
ductors materials. In the past decades, various polymer-based 
materials have been exploited for the substrate of fexible 
microwave electronics, including polyethylene terephthalate 
(PET), Kapton, polyethylene naphthalate (PEN), etc. These 
materials are inexpensive and have outstanding electrical 
properties at microwave frequency. Flexible microwave com-
ponents like fexible capacitors and inductors have been 
demonstrated on these fexible substrates using different fabri-
cation techniques. Sun et al. demonstrated a fexible inductor 
using spin-cast SU8 as an intermetal insulating layer and a 
fexible MIM capacitor with evaporated 200 nm SiO and TiO2 
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FIGURE 1. Illustration of the fabrication process flow for flexible inductors/capacitors and filters on CNF substrates. (a) PMMA and PI layers were 
spin-coated on Si substrate. (b) M1 (Ti/Cu/Ti) was evaporated on Si/PMMA/PI substrate to form the bottom electrode of capacitors and lower lead metal 
of spiral inductors. (c) A thick PI layer was deposited to encapsulate the M1 layer. (d) A hard mask was formed with Al using the electron-beam 
evaporator via a lift-off process. An anisotropic reactive ion plasma etching of encapsulated PI to define the via holes on the PI layer. (e) M2 metal layer 
(Ti/Cu/Ti) was evaporated to form the spiral metals of inductors and interconnects for filters. (f) PMMA layer was undercut using boiled acetone. 
(g) Devices were picked up by PDMS from the handling Si substrate. (h) Devices were transferred to a CNF substrate with spin-coated SU-8 as the 
adhesion layer. (i) The simplified cross-sectional view of the fabrication process flow. (j) An optical image of the fabricated L, C, and L-C filter array on a 
CNF substrate. (k) Flexible inductors/capacitors and filters on CNF substrates as device-under-test (DUT) on a bending fixture. 

as dielectric and a self-aligned top electrode for precise con-
trol of capacitance [3], [4]. Other techniques like silver-based 
ink printing [5], [6], [7], [8], [9], liquid metal [1], [2], [3], 
[4], [5], [6], [7], [8], [9], [10], [11], [12], [13], and conduct-
ing polymer [14] have been explored for low-cost fexible 
microwave components including inductors, capacitors, and 
flters. 

However, extensive use of non-degradable plastic and toxic 
materials in fexible electronics will generate an increasing 
amount of electronic waste as the large-scale deployment 
of fexible electronics-based devices like wearable devices. 
To the electronic waste issue of fexible electronics, cellu-
lose nanofbril (CNF) substrate has been investigated due to 
its biodegradability and excellent properties at microwave 
frequency [2]. CNF substrate is derived from wood, which 
is not only biodegradable by fungi [15] but also can be 
manufactured at a very low cost due to abundant wood re-
sources on earth. A recent report about the incineration of 
CNF substrate provides another way to dispose of CNF-based 
fexible substrate [16]. CNF substrates have demonstrated 
excellent mechanical fexibility and have been used as sup-
porting substrates of fexible thin-flm microwave devices, like 
transistors, diodes, and other components [15], [16], [17]. As 
critical components in microwave circuits, high-performance 
lumped spiral inductors, and metal-insulator-metal (MIM) 

capacitors have been developed on CNF substrates with ac-
ceptable electrical and mechanical performance. In this paper, 
we demonstrate high-performance fexible lumped passive 
components as well as fexible microwave flters on CNF 
substrate by optimizing the layout and fabrication processes of 
the flters. Instead of using TiO2 as dielectric material, poly-
imide which possesses a lower Young’s modulus was used in 
our work. It simplifed the fabrication process by getting rid 
of the oxide dielectric material deposition. The design tech-
nology co-optimization ensures good electrical performance, 
mechanical performance, and manufacturability. Due to the 
innovative use of polymer-based dielectric materials in MIM 
capacitors, the demonstrated flters can achieve a bending 
radius as small as 15 mm while maintaining excellent perfor-
mance at microwave frequency. 

II. DESIGN AND FABRICATION OF FLEXIBLE MICROWAVE 
COMPONENTS ON CNF SUBSTRATE 
Before design and fabrication of fexible microwave compo-
nents, a 200 μm thick epoxy coated-CNF thin flm substrate 
was prepared, which was made from fltered, dried, and cured 
tetramethylpiperidine-1-oxy (TEMPO) oxidized wood pulp 
epoxy coated CNF flms, as described previously [2], [18], 
[19]. The CNF substrate has a dielectric constant of 2.5 and 
tangent loss of 0.04 at 5 GHz [2], which is critical to achieving 

VOLUME 3, NO. 1, JANUARY 2023 97 



QIU ET AL.: FLEXIBLE LUMPED MICROWAVE PASSIVE COMPONENTS AND FILTERS ON CELLULOSE NANOFIBRIL SUBSTRATES 

FIGURE 2. Measured 1.5-turn octagon spiral inductors on CNF with 15 µm line width and 5µm line spacing. (a) An optical microscopic image of the 
1.5-turn octagon spiral inductor fabricated on CNF. (b) L values and (c) Q values were plotted as a function of frequency under flat and bending situations 
with a bending radius of 15 mm, 21 mm, and 38 mm, respectively. The simulation results of the inductors are also plotted as a comparison. 

FIGURE 3. Measured 100 µm ×150 µm MIM capacitor on CNF. (a) An optical microscopic image of the 100 µm ×150 µm MIM capacitor fabricated on 
CNF. (b) C values and (c) Q values were plotted as a function of frequency under flat and bending situations with a bending radius of 15 mm, 21 mm, and 
38 mm, respectively. The simulation results of the inductors are also plotted as a comparison. 

low-loss passive microwave components like spiral inductors 
and flters. 

The fabrication process fow of fexible spiral inductors (L), 
capacitors (C), and LC flters are schematically illustrated 
in Fig. 1. The process began with coating a thin layer (60 
nm thick) of polymethylmethacrylate (950 PMMA A2) as a 
sacrifcial layer on a Si substrate, which serves as a tempo-
rary rigid supporting substrate for following fabrication steps. 
Multiple layers of Polyimide (PI), with a total thickness of 
13.2 μm, were subsequently coated on the temporary support-
ing substrate as shown in Fig. 1(a), followed by deposition 
of the frst metal layer (M1) (Ti/Cu/Ti: 10 nm /980 nm /10 
nm) using conventional metal lift-off process (Fig. 1(b)). This 
metal layer serves as connecting metal trace of spiral induc-
tors and the bottom metal electrode of metal-insulator-metal 
(MIM) capacitors. The frst metal layer was encapsulated by 
spin-coating a 1.35 μm thick PI layer (Fig. 1(c)). In addition 
to acting as an insulation layer between the frst and second 
metal layers, the PI layer also acts as a dielectric layer of 
MIM capacitors, which replaces widely used inorganic oxide 
dielectric. Due to the low Young’s modulus of PI (2.5Gpa) 

compared to most oxide dielectric (70-300GPa), the fabri-
cated MIM capacitor can effectively reduce the strain of the 
dielectric layer and thus achieve a smaller bending radius, 
which is a key to achieving ultra-fexible microwave com-
ponents [20]. Via holes for connecting the frst and second 
metal layers were formed through the insulation PI layer 
by dry etching with a 100nm thick Al hard mask, as de-
picted in Fig. 1(d). After the via holes were formed, a second 
metal layer (M2) consisting of Ti/Cu/Ti (10 nm/1480 nm/10 
nm) was deposited with photolithography and lift-off process. 
Since the M2 layer formed the spiral metal lines of the in-
ductor, the top metal layer of the MIM capacitors, and the 
interconnect (also the RF probing pads) lines, thicker metal 
was used to reduce resistive loss and accordingly increase 
microwave performance of the components. The intercon-
nect lines connect the inductor and the capacitor forming 
the LC-flters (Fig. 1(e)). After multiple optimizations using 
electron-magnetic simulation (Momentum in Keysight ADS), 
the M2 layer of spiral inductors was designed to have a width 
of 15 μm and spacing of 5 μm. The fabricated device on the 
supporting substrate consists of multiple inductors, capacitors, 
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FIGURE 4. (a) An optical microscopic image of the CNF band-stop LC filter. (b) Measured S-parameters of a CNF 5-GHz band-stop L-C filter consisting of a 
2.5-turn spiral inductor and a 100 µm ×150 µm MIM capacitor as a function of frequency under flat and bending situations with a bending radius of 15 
mm, 21 mm, and 38 mm, respectively. The simulation results are plotted in the dashed lines for comparison. (c) An optical microscopic image of the CNF 
band-pass LC filter. (d) Measured S-parameters of a CNF 4-GHz band-pass L-C filter consisting of a 4.5-turn spiral inductor and a 100 µm ×150 µm MIM 
capacitor as a function of frequency under flat and bending situations with a bending radius of 15 mm, 21 mm, and 38 mm, respectively. The simulation 
results are plotted in the dashed lines for comparison. 

and LC flters and was boiled in hot acetone to dissolve the 
sacrifcial PMMA layer (Fig. 1(f)). Once the PMMA layer 
was fully dissolved, the device encapsulated in PI was weakly 
attached to the temporary Si substrate and can be easily picked 
up using a polydimethylsiloxane (PDMS) stamp (Fig. 1(g)). 
The membrane picked up by the PDMS stamp was then 
printed on a 200 μm thick CNF substrate with a partially 
cured SU-8 layer as the adhesive interface, using a modifed 
MJB-3 contact aligner, as shown in Fig. 1(h). Fig. 1(i) shows 
schematic cross-section views of the device during each fabri-
cation step illustrated in Fig. 1(a)–(h). The completed fexible 
inductors, capacitors, and LC flters on a transparent CNF 
substrate were shown in Fig. 1(j). 

III. CHARACTERIZATION AND ANALYSIS 
Direct current (DC) and radiofrequency (RF) performance 
of fabricated inductors, capacitors, and the LC-flters were 

characterized using Keysight 4200A SCS parameter ana-
lyzer and Agilent E8364A performance network analyzer, 
respectively, under different mechanical bending conditions. 
Inductance (L), capacitance (C), Self-resonant frequencies 
(fres), and Q factors of the fabricated inductors and capaci-
tance were extracted from the measured scattering parameters 
(S-parameters) using equations in 

image (Z11)
L = 

2π f 

1 
C = −  

2π f × image (Z11) 

1 
fres = √ 

2π LC 

2π f × L 1 
Q = = . 

Resistance 2π f × C × Resistance 
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Fig. 1(k) shows a photograph of the device during RF char-
acterization under mechanical bending. 

Fig. 2(a) shows a microscopic image of a 1.5-turn spiral 
inductor, which was characterized by different mechanical 
deformations. As shown in Fig. 2(b) and (c), the inductance 
and quality factor extracted from the measurement ft well 
with the simulation result on a fat CNF substrate. Fig. 2(b) 
and (c) indicate that fres of the inductor reaches 29.8 GHz 
while achieving a Q factor as high as 8.5, which is the highest 
reported fres of a fexible inductor based on our knowledge [3], 
[4]. The inductor can maintain constant inductance around 1.2 
nH up to 10 GHz, which is important for achieving stable mi-
crowave performance over a wide band. More importantly, the 
inductor shows a negligible change in inductance and quality 
factor under different mechanical deformation. The negligible 
change of inductance and quality actor is possibly due to 
the narrow spacing of the metal trace in the spiral inductor, 
which prevents signifcant change of electromagnetic (EM) 
feld distribution when the inductor is mechanically bent. The 
speculation was verifed by EM simulations of the inductor 
under different mechanical deformations. The measured dc 
resistance of the 1.5 turn spiral inductor is 5 ohms, which 
signifcantly reduces resistive loss of the inductor. 

Fig. 3 depicts the characterization of a fexible MIM ca-
pacitor with an area of 100 × 150 μm2 under fat and 
bending conditions and compares with the simulation results. 
As shown in Figs. 3(b) and (c), the MIM capacitor presents 
a constant capacitance of 0.30 pF up to 25 GHz and 45 
GHz fres, which can be combined with the high-performance 
fexible inductor demonstrated in Fig. 2 to form wide-band 
high-frequency microwave circuits. Due to the use of low 
Young’s modulus material (PI) as a dielectric layer, the MIM 
capacitor shows superior mechanical fexibility and exhibits 
stable RF performance with a bending radius as small as 15 
mm. 

Based on the high-performance spiral inductors and MIM 
capacitors, high-performance fexible band-stop, and band-
pass flters with center frequencies of around 4–5 GHz, i.e., 
the frequency band of Wi-Fi communications, were built on 
a CNF substrate. The band-stop flter was designed to consist 
of a 2.5 turn spiral inductor and a 100 × 150 μm2 MIM 
capacitor in shunt connection as depicted in Fig. 4(a). Fig. 4(b) 
compares the measured insertion loss (S21) and return loss 
(S11) of the band-stop flter under fat and different bending 
conditions along with the simulation results on a fat CNF 
substrate for comparison. The flter operates around 5 GHz 
as designed, with an insertion loss of more than 18.2 dB and 
a return loss of less than 1.3 dB at 5.04 GHz. Due to the 
excellent mechanical stability of the MIM capacitor and spiral 
inductor, the flter shows a negligible difference in insertion 
loss and return loss under different mechanical deformations. 
The band-pass flter was confgured using a serially connected 
4.5 turn spiral inductor and 100 × 150 μm2 MIM capacitor, 
as shown in Fig. 4(c). The flter shows more than 28 dB 
insertion loss and smaller than 1.4 dB return loss at 4 GHz 
as in Fig. 4(d). Same as the band-stop flter, the band-pass 

flter also exhibits negligible changes under different bending 
situations and fts the simulation excellently. 

Supplementary Figure 1–3 presents the performance 
of intrinsic fexible inductor, capacitor, and flters after 
de-embedding pad parasitic using EM simulation-based 
dummy open and short patterns. The excellent mechanical 
robustness and high RF performance obtained on the spiral 
inductors, MIM capacitors, and flters indicate that its CNF 
substrate is a good candidate for future complex fexible 
microwave circuits operating up to 10 GHz. Moreover, the 
reliable fabrication process can be easily applied to achieve 
other complex circuits like the wide band-pass flter shown in 
Supplementary Figure 4. 

IV. CONCLUSION 
We demonstrated high-performance compact spiral inductors, 
MIM capacitors, and LC-based RF flters on fexible CNF 
substrates. Record-high resonance frequencies of 29.8 GHz 
and 45 GHz were achieved from a 1.5-turn spiral inductor 
and a MIM capacitor, respectively. The return loss of the 
demonstrated LC-based band-stop flter is higher than 18.2dB 
and insertion losses of the band-pass flter are less than 1.4 
dB, respectively. These high-performance fexible microwave 
components on CNF substrate prove that CNF substrate is 
an excellent fexible substrate for a wide range of microwave 
circuit applications, which will be a critical component for 
future complex fexible microwave electronics. 
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