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Abstract—In this paper, we introduce a novel concept of tunable 

and miniaturized filters which embed, as voltage-controlled 

elements, state-of-the-art variable capacitors, based on vertically 

aligned carbon nanotubes (VACNTs). Starting from a theoretical 

estimation of the voltage-dependent capacitance between two 

adjacent CNTs, we extended this physics principle to a large 

matrix of CNTs, suitably placed on the molybdenum electrodes of 

an interdigitated capacitor (IDC), since molybdenum can 

withstand the high temperature necessary in the plasma process 

for the growth of the VACNTs. The IDC is the tunable element of 

a microwave filter, which must fulfill the need for both 

reconfigurability (being either a low-pass, a high-pass or a band-

pass filter, at discretion) and low-voltage frequency tuning of 

reflection/transmission coefficients. For all these reasons, a very 

compact layout made of T-type cells (comprising VACNT-based 

variable capacitors and distributed inductors) was designed, 

simulated, fabricated, and tested, targeting the C, X, and Ku bands 

(4–16 GHz) for wireless and radar applications. Taking as a 

reference the free-space wavelength λ0 at 10 GHz, the band-pass 

filter has overall dimensions of just 3.19 mm × 3.47 mm (i.e., 

0.11λ0 × 0.12λ0), with the minimum of the reflection coefficient 

shifting of 1.16 GHz (within the X band) for an applied dc bias 

voltage of just 4 V and spanning between -24.81 dB and -36.13 dB. 

Furthermore, the maximum rejection is 31.65 dB, and the 3-dB 

fractional bandwidth is 12.44%. The proposed filters are the proof 

that nanomaterials can be profitably integrated into microwave 

components for next-generation transceivers. 

 
Index Terms—Microwave filters, tunable circuits and devices, 

carbon nanotubes, nanotechnology, nanoelectromechanical 

systems. 

I. INTRODUCTION1 

ICROWAVE filters are ubiquitous components of utmost 

importance in many areas of modern wireless and 

telecommunications systems [1], as they guarantee that only the 

high-frequency signal in a selected band of interest can be 

transmitted or received with a predefined amount of power. A 

very important branch for passive devices is represented by 
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frequency tunable filters [2], [3], covered by a huge scientific 

literature. The tunability can be realized by different 

techniques, e.g., tunable Fabry-Perot interferometers, acousto-

optic tunable filters (AOTF) formed by bonding piezoelectric 

transducers (such as lithium niobate) to an anisotropic 

birefringent medium [4], material-filled active fibers [5], 

MEMS variable capacitors [6], [7], active-R filters [8], 

semiconductor varactors and ferroelectric capacitors [9]–[18], 

and other innovative techniques [19]–[22]. Frequency 

tunability has to be achieved taking three main issues into 

account: (i) the variation of the unloaded Q-factor (Qu) of the 

basic tunable resonator, due to a voltage- and/or frequency-

dependent change of its equivalent resistance, inductance, and 

capacitance (this variation affects directly the insertion loss (IL) 

in the band of interest); (ii) the frequency tuning range, which 

depends strongly on the tuning range of the varactor/capacitor; 

(iii) the harmonic suppression [23]. Another concern is given 

by miniaturization (and successive integration), since deeply 

sub-wavelength filters exhibit high losses and undesired 

parasitic effects with respect to off-the-shelf bulk components. 

Hence, a major drawback of miniaturized filters is represented 

by high values of IL, which often require a post-amplification 

stage [24]. On the other hand, carbon-based nanoelectronics has 

been attracting an increasing interest since the discovery of 

graphene (and related materials). The modern (and future) trend 

is a tight interdisciplinary connection between materials 

science, nanotechnology, and microwaves, thus leading to 

radically new solutions that comply with the need for devices 

with much smaller size and extended functionalities with 

respect to what can be achieved with today’s silicon 

technologies [25]. Carbon nanotubes (CNTs) are one of the 

materials that could be exploited to achieve this goal: 

metallic/semiconducting CNTs exhibit unique physical and 

electronic properties [26] that have been studied extensively in 

the last years. CNTs represent a very promising technology for 

various microwave applications, such as diodes, FETs, 
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interconnections, sensors, composite materials, microscopy, 

etc. Referring to varactors and variable capacitors, CNTs could 

offer substantial improvements with respect to semiconductors, 

since they offer higher cut-off frequencies and lower losses 

[27]. However, despite some attempts to model and validate 

CNT-based variable capacitors and phase shifters [28]–[30], a 

very first example of CNT-based microwave filter was 

presented in [31], even if the effect of the frequency tuning was 

quite negligible and the CNT matrix was much bigger and 

denser (hence, more prone to fabrication defects). 

In this paper, we go beyond the actual state-of-the-art in the 

domain of variable capacitors based on CNTs. More in detail, 

we validate a proof-of-concept microwave filter for wireless 

applications covering the C, X, and Ku bands (4–16 GHz), and 

in which the frequency tuning is obtained by simply applying 

the proper dc bias voltage to the signal lines of a coplanar 

waveguide (CPW) structure, suitably designed to host a 

reconfigurable filter comprising molybdenum interdigitated 

capacitor (IDC), on top of which a dense matrix of metallic 

vertically aligned CNTs (VACNTs) was grown. The 

manuscript is organized as follows. Section II presents a 

rigorous theoretical model of the capacitance between two 

VACNTs, followed by multi-physics simulations validating the 

concept of CNT-based variable capacitor. Then, in Section III 

we provide (i) the circuit design of both CNT-based IDC and 

filters, and (ii) the circuit- and 3D full-wave electromagnetic 

(EM)-based simulations of the filters, together with a discussion 

about the influence of the different components on the overall 

performance. Section IV is dedicated to the detailed fabrication 

process. Finally, in Section V we show the complete dc and RF 

characterization of the CNT-based filters. Conclusions and 

future perspectives are given at the end. 

II. THEORETICAL MODEL AND MULTI-PHYSICS SIMULATIONS 

OF THE VACNT-BASED VARIABLE CAPACITOR 

A. Theoretical Model of the Capacitance of a VACNT Matrix 

In the proposed VACNT-based variable capacitor, the basic 

concept is the electrostatic tuning of the capacitance by means 

of attractive and repulsive forces between adjacent nanotubes 

in the array. For this reason, the proposed component can be 

categorized as a nanoelectromechanical system (NEMS), in 

which the mechanical actuation is realized by two external dc 

bias voltages of opposite sign, thus providing a change of the 

capacitance between two oppositely polarized VACNTs. Fig. 1 

is a 3D schematic of this concept. 

 
Let us consider two adjacent pairs of VACNTs, the CNTs of 

each pair being biased by the same external dc voltage (one pair 

by “+Vdc” and the other by “-Vdc”), h is the height of the CNTs, 

r their radius, 2d the distance between two oppositely biased 

nanotubes, δ the displacement of the tip of each nanotube with 

respect to its unbiased position, and C0 the capacitance between 

two oppositely polarized CNTs (see Fig. 1). C0 is a function of 

the dc bias voltage Vdc: this capacitance is the target of the 

theoretical model described in this paragraph. Let us define the 

following quantities: Ftot is the total electrostatic force 

(comprising attractive and repulsive Coulomb components due 

to all the other nanotubes in different rows); E is the Young’s 

modulus of a CNT; I = πr4/4 is the momentum of inertia of the 

CNT with radius r; m and n are the number of rows and columns 

of the VACNT matrix, respectively; Ctot is the total capacitance 

of the VACNT matrix. The following equations can be defined 

for δ, C0, and Ctot [27]: 

𝛿(𝑉𝑑𝑐) = 𝐹𝑡𝑜𝑡(𝑉𝑑𝑐)ℎ3 (3𝐸𝐼)⁄           (1) 

𝐶0(𝑉𝑑𝑐) =
2𝜋 0

𝑐𝑜𝑠ℎ−1{[𝑑−𝛿(𝑉𝑑𝑐)] 𝑟⁄ }
0.85[(𝑑 + 𝑟)2𝑟]1/3  (2) 

𝐶𝑡𝑜𝑡(𝑉𝑑𝑐) = 𝐶0(𝑉𝑑𝑐) 𝑚𝑛 2.⁄           (3) 

With these equations, it is possible to give a rough theoretical 

estimation of C0(Vdc = 0), namely C0(Vdc = 0) ≈ 3.35 aF. 

However, a more powerful method is represented by multi-

physics simulations performed with COMSOL®, as explained 

in the following. 

B. Multi-Physics Simulations of a VACNT Matrix 

Using the finite element method (FEM) in COMSOL 

Multiphysics®, the capacitance of a periodic structure of CNTs 

was calculated, namely deploying the Electro-Mechanical 

Module inside the tool. The periodicity of the structure allows 

working with a unit cell formed by 2×4 CNTs (Fig. 2). A 2×2 

CNT matrix placed in the center of the unit cell is grounded, 

whereas the other 4 CNTs are connected to a variable dc bias 

voltage Vdc. The variation of the electric potential between two 

adjacent ground and signal electrodes produces a mechanical 

force that acts on the structure by deforming it, hence modifying 

the total capacitance. 

 
Fig. 1.  3D schematic of the VACNT-based variable capacitor. The red and blue 
arrows represent attractive and repulsive Coulomb forces, respectively. 
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Three simulations were performed for three different CNT 

heights: 1 μm, 1.5 μm and 2 μm. The mechanical properties of 

the CNTs were chosen as follows: Young’s modulus = 75 GPa, 

Poisson ratio = 0.28, and density = 1500 kg/m3. The Young’s 

modulus can be estimated by the Hall-Petch model, measuring 

the crystallinity of the CNTs by means of the Scherrer equation: 

𝐿𝑎 = 𝐾𝜆 [∆(2𝜃)𝑐𝑜𝑠𝜃]⁄             (4) 

where La is the crystallite size, K is a dimensionless shape factor 

close to unity, λ is the wavelength of diffracted radiation, Δ(2θ) 

is the line broadening, and θ is the angle of diffraction (or Bragg 

angle). The radius of each CNT is 50 nm and the gap between 

two adjacent CNTs is 500 nm. From preliminary 

measurements, La = 5.3 nm and, using the Hall-Petch model 

[32], we could estimate the value of Young’s modulus to be 

75 GPa. As regards the boundary conditions, the bottom section 

of each CNTs is fixed mechanically (thus allowing their 

bending with respect to the vertical axis) and the electric 

potential is varied in each simulation for Vdc = 0–100 V, with 

steps of 10 V. In Table I we show the pull-in voltage VPULL-IN 

(i.e., the threshold voltage beyond which the tips of two 

adjacent CNTs touch each other), the maximum displacement 

δMAX, and the minimum/maximum capacitance CMIN/CMAX for 

each value of the CNT height h; one can see that it was not 

possible to find the value of VPULL-IN in the first case (h = 1 μm), 

meaning that the mechanical stiffness of the CNTs prevents 

them from pulling in up to 100 V. As expected, the values of 

VPULL-IN decrease when increasing the h, whereas the values of 

δMAX and CMIN/CMAX increase, as it can be seen in Fig. 3, which 

represents the normalized capacitance as a function of Vdc. The 

most relevant outcome is that, increasing h of the CNTs, one 

can obtain steeper variations of the capacitance at lower dc bias 

voltage values. 

 

 

Finally, in Fig. 4 the mechanical displacement of the CNTs 

is shown in the case of CNTs with a height h = 2 μm. This 

figure gives the proof of the physical principle upon which the 

VACNT-based variable capacitor relies, i.e., the mechanical 

actuation of adjacent CNTs under an electrical excitation. 

 

III. CIRCUIT AND 3D FULL-WAVE EM SIMULATIONS OF THE 

VACNT-BASED IDC AND FILTERS 

A. Basic Requirements and Adopted Strategy for Design 

Starting from the theoretical model and multi-physics 

simulations presented in Section II, the proposed CNT-based 

filter needs fulfill four requirements: (i) reconfigurability (i.e., 

the possibility of switching among a low-pass, a high-pass, or a 

band-pass topology); (ii) low dc bias voltage (Vdc) values to 

achieve the tunability of the filtering frequency; (iii) standard 

fabrication process (for CMOS compatibility); (iv) 

miniaturization for ease of integration. The solution adopted for 

the reconfigurability was the realization of a band-pass filter 

putting in cascade a low-pass filter and a high-pass filter. 

Between them, a Single Pole Double Throw (SPDT) switch 

selects the appropriate path between the input and output ports 

(to be implemented separately, e.g., of the type described in 

[33], [34]; nevertheless, this is out of the scope of the present 

work). As regards filters’ tunability, from the theoretical model 

we estimated that a maximum Vdc of 8 V would be enough to 

maximize Ctot in (3). The most critical issues are (iii) and (iv). 

A standardization of the fabrication process is a crucial 

 
Fig. 2.  3D schematic of the unit cell simulated in COMSOL Multiphysics. 

TABLE I 

MECHANICAL AND ELECTRICAL PERFORMANCE OF THE 2×4 CNT MATRIX 

SIMULATED IN COMSOL MULTIPHYSICS 

h (μm) VPULL-IN (V) δMAX (nm) 

CMIN for 

Vdc = 0 V 

(10-2 fF) 

CMAX for 

Vdc = VPULL-IN 

(10-2 fF) 

1 Over 100 V 20 4.024 4.101 (at 100 V) 

1.5 47.37 24 5.742 5.873 

2 31.58 30.5 7.453 7.695 

 

 
Fig. 3.  Simulated normalized capacitance of the 2×4 CNT matrix, as a function 

of the applied dc bias voltage, for three values of the CNT height. 

 
Fig. 4.  Simulated mechanical displacement of the 2×4 CNT matrix under an 

electrical excitation, for the case of CNTs with a height h = 2 μm. 
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prerequisite for large-scale production, which needs an 

extensive measurement campaign for high technology 

readiness level (TRL) validation. For this reason, the proposed 

filters were designed and fabricated using 300-μm-thick 4-inch 

wafers of high-resistivity silicon (HRSi); furthermore, 

exploiting CPW technology allows performing extensive on-

wafer characterization using a standard probe station. Last, 

miniaturization represents a target in any more-than-Moore 

technological advancement, in which a high integration density 

is always a highly desirable achievement. Nevertheless, a filter 

with both high Q-factor and small size is very challenging, since 

the miniaturization (and successive integration) has a twofold 

effect: (i) degradation of unloaded Q-factors of microwave 

resonators; (ii) appearance of undesired parasitic effects. For all 

the latter reasons, higher values of IL than bulk components are 

expected, which often requires a post-amplification stage. 

B. Circuit/EM Model and Simulations of the Low-Pass, High-

Pass and Band-Pass Filters 

The first step was the implementation of the circuit model 

(AWR Microwave Office®) for each of the two basic filters 

(i.e., low-pass and high-pass) based on lumped elements. The 

second step was the translation of the two circuits into their 3D 

full-wave EM versions (CST Microwave Studio®) using CPW 

lines to account for all the parasitic effects and EM couplings 

occurring at microwaves. The major constraint in designing 

such filters was the need of using IDCs with VACNTs as tuning 

elements, which entails a careful choice of the topology apt to 

guarantee the proper and easy polarization of the VACNTs 

themselves. Besides this aspect, another important and 

envisaged requirement was the possibility of biasing the 

VACNT-based IDCs independently, thus ensuring the 

maximum degree of freedom in tuning the filters. Hence, each 

basic filter was realized by means of a T-like topology, 

consisting of two series inductances and a shunt variable 

capacitor for the low-pass filter, and of two series variable 

capacitors and a shunt inductor for the high-pass filter. This is 

shown in Figs. 5a-c, in which we have also included the 3D EM 

layout for each filter in CPW technology; in this respect, the 

characteristic impedance was set to the standard 50 Ω value 

using gap-signal-gap dimensions of 60–100–60 μm, 

respectively. The reference substrate is 300-μm-thick HRSi/2-

μm-thick silicon oxide (SiO2), whereas the metallization is a 

500-nm-thick gold (Au) layer. As regards the VACNT-based 

IDC, it is shown in Fig. 5a (3D design by CST Microwave 

Studio and, inset, cross-section with the different layers). Each 

of them is made of 250 digits, each digit having a width wd of 

250 nm and the gap gd between two adjacent digits being 

200 nm. The total length of each IDC is 100 μm; since each 

CNT has a diameter of 100 nm (with a height h ≈ 1.5–2 μm) 

and the distance between two consecutive CNTs on the same 

digit is 500 nm, the total number of VACNTs for each IDC is 

about 37500. Therefore, from Fig. 1 one can deduce that 

2d = 350 nm. The dimensions wd and gd were constraint by 

technological issues, since the metallization used for the IDC is 

a 100-nm-thick molybdenum (Mo) layer. This thickness, 

together with the high melting temperature of molybdenum 

(2893.15 K), are essential prerequisites for proper CNT growth. 

However, molybdenum has a conductivity σMo = 1.82×107 S/m, 

hence 2.5×times less than gold conductivity. For these reasons, 

we can expect a degradation of filters’ performance at 

microwaves due to thin metal losses (skin depth effect). The 

equivalent circuit of the IDC is presented in Fig. 5b: CP is the 

capacitance between the IDC and the ground planes of the 

CPW, CS is the equivalent series capacitance (which comprises 

the capacitance of the standalone IDC and the capacitance due 

to the VACNT matrix), LS is the equivalent series inductance, 

and RS is the equivalent series resistance. To have the desired 

band-pass filtering within the 4–16 GHz frequency range, the 

two meander-type series inductors of the low-pass filter have a 

theoretical inductance of 0.79 nH, whereas the meander-type 

shunt inductor of the high-pass filter has a theoretical 

inductance of 0.3 nH. In Fig. 5b, CP = 0.03–0.15 pF, RS = 10–

50 Ω, LS = 0.01–1 nH and CS = 0.01–1 pF. 

 

The main key performance indicators (KPIs) of the two 

 
(a) 

 
(b) 

 
(c) 

Fig. 5.  (a) 3D design by CST Microwave Studio® of the VACNT-based IDC 

with main dimensions (insets: magnification of the digits’ area, up, and cross-
section with the different layers, down); circuit layout of (b) low-pass and (c) 
high-pass filter. In the black insets, the 3D EM layout is displayed for each filter. 
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filters are summarized in Table II (low-pass filter) and Table III 

(high-pass filter), respectively. For the low-pass filter, the 

selected KPIs are the 3-dB cut-off frequency fC, the roll-off rate 

ζ-20dB (referred to -20 dB), the relative stopband bandwidth RSB, 

the suppression factor SF (i.e., the rejection of the stopband), 

the normalized circuit size factor NCS represented by λg (the 

guided wavelength at fC), and the architecture factor AF, which 

is equal to 1 for two‐dimensional (2D) circuits, whereas it is 

equal to 2 for 3D circuits. The KPIs are defined as follows: 

𝜁−20𝑑𝐵 = (𝛼−20𝑑𝐵 − 𝛼𝐶) (𝑓−20𝑑𝐵 − 𝑓𝐶)⁄      (5) 

𝑅𝑆𝐵 =
𝑠𝑡𝑜𝑝𝑏𝑎𝑛𝑑 𝑏𝑎𝑛𝑑𝑤𝑖𝑡ℎ

𝑠𝑡𝑜𝑝𝑏𝑎𝑛𝑑 𝑐𝑒𝑛𝑡𝑒𝑟 𝑓𝑟𝑒𝑞𝑢𝑒𝑛𝑐𝑦
         (6) 

𝑁𝐶𝑆 =
𝑑𝑖𝑚𝑒𝑛𝑠𝑖𝑜𝑛𝑠 (𝑤𝑖𝑑ℎ𝑡×𝑙𝑒𝑛𝑔𝑡ℎ)

𝜆𝑔
2          (7) 

where αC and α-20dB are the attenuation points (at the cut-off 

frequency and at -20 dB, respectively), and f-20dB is the 20-dB 

stopband frequency. The total figure of merit FOM is: 

𝐹𝑂𝑀 = (𝜁 × 𝑅𝑆𝐵 × 𝑆𝐹) (𝑁𝐶𝑆 × 𝐴𝐹)⁄ .      (8) 

Other KPIs of interest are the minimum in-band IL and the 

maximum in-band return loss. It is apparent from Table II that 

the FOM also changes when varying CS, as expected. More in 

detail, the FOM increases for increasing values of CS. 

As regards the high-pass filter, we will consider the 3-dB cut-

off frequency fC, the 3-dB upper cut-off frequency fUP, the roll-

off rate ζ-40dB (referred to -40 dB), the relative passband 

bandwidth RPB (which is defined in a way similar to RSB, but 

considering the passband instead of the stopband), the 

normalized circuit size factor NCS, the architecture factor AF, 

the minimum in-band IL and the maximum in-band return loss. 

In this case, ζ-40dB is better than ζ-20dB (for the low-pass filter), 

but the maximum in-band IL is higher, due to the series 

connection of the two VACNT-based IDCs. This aspect will 

reflect into the performance of the band-pass filter resulting 

from the cascade of the low-pass and high-pass filters. 

We stress here that, for each type of filter, we chose selected 

values of CS that provide the most significant performance, as 

one can see from Table II and Table III. 

 

 

The translation of the circuits shown in Fig. 5 into their 3D 

EM counterpart provides mostly the same results in terms of 

both reflection (|S11| or |S22|) and transmission (|S21| or |S12|) 

coefficients, thus giving the proof of the correct approach in 

designing the filters (as circuit and EM simulations should offer 

comparable outcomes). For this reason, in Fig. 6a-b we show 

the curves obtained for the low-pass and high-pass filters, 

respectively, as a function of the capacitance CS. It is apparent 

how both |S11| and |S21| can be tuned by simply changing the 

values of CS, namely the level of dc bias voltage applied to the 

VACNT matrix. When putting in cascade the low-pass and 

high-pass filters, we obtain the final 3rd-order band-pass filter, 

for which Fig. 6c shows |S11| and |S21| for some combinations of 

values of CS (low-pass/high-pass, respectively). It is worth 

mentioning the importance of having VACNT matrixes that can 

be biased independently, as this confers a further degree of 

freedom in tuning the band-pass filter resonance. For example, 

it can be seen in Fig. 6c that the minimum of |S11| can be shifted 

of about 2 GHz (from 10.6 GHz down to 8.6 GHz), while 

keeping a large 3-dB fractional bandwidth (FBW-3dB) in the 

range 52–62%. At the same time, the minimum in-band IL is in 

the range 2.2–3.7 dB, the maximum in-band return loss is 

between 18 dB and 37 dB, the maximum rejection in the band 

of interest (4–16 GHz) is in the range 15–30 dB, and the 

maximum roll-off rate ζ-20dB is between 3.2 dB/GHz and 

3.4 dB/GHz. 

TABLE II 

PERFORMANCE OF THE SIMULATED LOW-PASS FILTER AS A FUNCTION OF 

IDC’S CAPACITANCE 

KPI CS = 0.05 PF CS = 0.1 pF CS = 0.15 pF 

3-dB cut-off 

frequency fC 
(GHz) 

14.59 12.45 10.82 

Roll-off rate ζ-20dB 

(dB/GHz) 
2.23 2.75 3.08 

RSB 1.36 1.45 1.52 

SF 1.5 1 1 

NCS 0.04 0.03 0.02 

AF 1 1 1 

FOM 113.73 132.92 234.08 

Minimum in-band 
IL (dB) 

< 0.01 < 0.01 < 0.01 

Maximum in-band 

return loss (dB) 
35.48 29.87 27.91 

 

TABLE III 
PERFORMANCE OF THE SIMULATED HIGH-PASS FILTER AS A FUNCTION OF 

IDC’S CAPACITANCE 

KPI CS = 0.15 PF CS = 0.25 pF CS = 0.35 pF 

3-dB cut-off 
frequency fC 

(GHz) 

9.91 8.95 8.77 

3-dB upper cut-off 
frequency fUP 

(GHz) 

40.06 37.67 36.69 

Roll-off rate ζ-40dB 

(dB/GHz) 
5.54 5.6 5.38 

RPB 1.21 1.23 1.23 

NCS 0.02 0.01 0.01 

AF 1 1 1 

Minimum in-band 

IL (dB) 
2.04 1.99 2.02 

Maximum in-band 

return loss (dB) 
39.19 42.23 26.13 
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6 

 

We also performed an analysis of the influence of RS and LS 

(Fig. 5b) on the performance shown in Fig. 6 or, in other words, 

we studied the impact of the losses due to (also non-predictable) 

ohmic and inductive effects in the VACNT-based IDCs. In 

particular, we observed that: (i) for the low-pass filter, keeping 

LS fixed, a change in RS causes an increasing impedance 

mismatch to 50 Ω (i.e., the reflection coefficient worsens with 

more than 5 dB), whereas keeping RS fixed, a change in LS 

causes a down-shift of the minimum of |S11| with almost 

700 MHz; (ii) for the high-pass filter, the most significant effect 

is due to RS, because the two VACNT-based IDCs are put in 

series. For example, the IL at 10 GHz increases with more than 

3 dB and the reflection coefficient is affected as well, with the 

minimum of |S11| shifting with more than 200 MHz. 

Consequently, when measuring the fabricated filters, we could 

expect significant differences with respect to the simulated 

performance, depending on the real values of RS, LS, and CS.  

 

Another KPI widely exploited to characterize the 

performance of a filter is the group delay τg (Fig. 7 for the three 

designed filters). As one can notice in Fig. 7, τg is small and 

quite flat in the passband of both the low-pass and high-pass 

filters (blue rectangles in Figs. 7a-b), as expected for a simple 

circuit; in the case of the high-pass filter (Fig. 7c), the frequency 

response of τg shows a variation of maximum 50% in the X band 

(blue rectangle). τg is negative (low-pass and band-pass filters) 

where the slope of the phase shift is positive, but this occurs out 

of the passbands, where the behavior of τg is of no interest. 

The final EM design of the three filters is shown in Fig. 8, in 

which the main dimensions are WLPF = 1.57 mm, 

HLPF = 3.02 mm, WHPF = 1.62 mm, HHPF = 3.07 mm, 

WBPF = 3.19 mm, and HBPF = 3.47 mm. Referring to the free-

space wavelength at 10 GHz (as the targeted frequency – 

included in all the passbands evidenced in Fig. 7 – for radar 

applications), it means that the three filters are strongly 

miniaturized, as they have overall dimensions (W × H) of just 

~0.05λ0 × 0.1λ0 (low-pass and high-pass filters) and 

~0.11λ0 × 0.12λ0 (band-pass filter). The red rectangles identify 

the (tunable) decoupling interdigitated capacitors CDEC,1 and 

 
(a) 

 
(b) 

 
(c) 

Fig. 6.  Circuit/EM simulated reflection coefficient |S11| and transmission 

coefficient |S21| of the (a) low-pass filter, (b) high-pass filter, and (c) band-pass 
filter, as a function of different values of the VACNT-based IDCs. 
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(a) 

 
(b) 

 
(c) 

Fig. 7.  Simulated group delay τg of the proposed VACNT-based (a) low-pass, 

(b) high-pass and (c) band-pass filters. The blue rectangles identify the 

passbands of interest. 
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CDEC,2, to provide the dc bias voltage correctly. More in detail, 

CDEC,1 ≈ 1 pF and CDEC,2 ≈ 0.3 pF guarantee that the RF signal 

propagating inside the filters is decoupled from the dc bias 

voltage through the high-impedance λg/4-long lines (where λg is 

the guided wavelength at 10 GHz) connecting each VACNT-

based IDC to the corresponding decoupling capacitor. This 

way, it is possible to bias independently the three VACNT 

matrixes, which ensures the full exploitation of filters’ 

tunability properties. The two decoupling capacitors are 

adjustable (in the sense that their value can be increased by 

soldering – if needed – the lateral parts that are separated by 

thin channels from the main structures – blue rectangles in 

Fig. 8) and, despite their narrow-band behavior, they fit the 

requirements needed in the band of interest. 

 

IV. FABRICATION OF THE VACNT-BASED IDCS AND FILTERS 

The VACNT-based filters were fabricated using classical 

micro- and nano-fabrication facilities. The fabrication process 

is described visually in Fig. 9. 

 

First, a 2-µm-thick layer of SiO2 obtained by thermal 

oxidation was deposited on a 300-µm-thick HRSi wafer, which 

is a standard passivation technique for CMOS processes to 

protect the silicon wafers from external contaminants (step A). 

The electrodes of each IDC were defined by e-beam 

lithography, then two thin layers of titanium (for adhesion) and 

molybdenum (10-nm-thick Ti/100-nm-thick Mo) were 

deposited successively by evaporation (step B). The 

metallization of electrodes was chosen to be molybdenum 

because it can withstand the high temperature necessary in the 

plasma process for the growth of the VACNTs. Then, the 

deposition of the catalyst dots, with a diameter of 200 nm and 

aligned along each IDC’s electrode, was obtained by e-beam 

lithography, followed by the deposition of a thin layer of 

titanium nitride/nickel (15-nm-thick TiN/7-nm-thick Ni) by 

sputtering and evaporation, respectively (step C). Individual 

vertically aligned CNTs were grown by plasma enhanced 

chemical vapor deposition (PECVD) of acetylene and ammonia 

at 700°C (step D). The final step E concerned the deposition (by 

evaporation) of the gold metallization for the CPW-based 

structures and lines (in typical RF applications, a minimum 

thickness of 500 nm is needed). For this purpose, the CPW lines 

were defined by optical lithography. The challenge here is to 

make this step compatible with the presence of CNTs. All the 

experimental conditions were especially developed to avoid any 

damage of the nanotubes. In this case, the choice of the resist 

(thickness, viscosity, bake temperature), resist development 

after UV insolation, and lift-off process were carefully studied, 

which made it possible to obtain gold CPW lines with vertically 

aligned CNTs. The optical microscopy images of the fabricated 

low-pass, high-pass and band-pass filters are shown in Fig. 10, 

together with the basic components (meander inductors and 

VACNT-based IDC). Additional gold wires were soldered to 

connect electrically the floating ground plane to the major 

ground plane, as to avoid spurious wave propagation. 

 

The scanning electron microscopy (SEM) images of the 

VACNT matrix are shown in Fig. 11, from which one can see 

the uniformity of the CNT growth with a height h ~2 μm. The 

good alignment of the CNTs on the IDC is evident in the most-

right picture. This condition is essential to guarantee the proper 

actuation of the VACNTs when applying a dc bias voltage. 

 

V. COMPLETE DC AND RF CHARACTERIZATION OF THE 

VACNT-BASED FILTERS 

The measurements of the VACNT-based filters were carried 

out using a vector network analyzer (VNA, Anritsu 37397D), 

together with a standard Short-Open-Load-Thru (SOLT) 

 
Fig. 8.  EM layout of the (left) low-pass, (center) high-pass and (right) band-

pass filters. Red rectangles: decoupling capacitors; blue rectangles: thin 

channels to adjust the capacitance of the decoupling capacitors. 

 
Fig. 9.  Fabrication process flow of the VACNT-based filters. 

 
Fig. 10.  Optical microscopy images of the different types of VACNT-based 
filters and (red inset) of the basic components (meander inductors and IDC). 

 
Fig. 11.  SEM images of the VACNT matrix of an IDC. 
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calibration kit. A dc source (Agilent E3631A) was connected to 

the VNA to bias the three VACNT matrixes. First, we measured 

the basic components shown in Fig. 10, namely the series and 

shunt meander inductors (top and center structures in the red 

inset of Fig. 10), and the IDC (bottom structure in the red inset 

of Fig. 10). The extracted equivalent resistance and inductance 

of the two types of meander inductors are displayed in Fig. 12a, 

whereas Fig. 12b presents the comparison between the 

modelled and measured scattering (S) parameters of the single 

IDC without VACNTs. 

 

From Fig. 12 we can deduce the following: (i) the series 

meander inductor (low-pass filter) exhibits an equivalent 

inductance between 0.37 nH and 0.87 nH in the frequency 

range 4–12 GHz, and it remains positive up to 13.79 GHz (i.e., 

the behavior of this component is inductive in the passband of 

interest, see Fig. 7a); (ii) as regards the shunt meander inductor 

(high-pass filter), the equivalent inductance is practically 

constant and equal to ~0.4 nH over the whole 4–12 GHz band, 

since the parasitic capacitances between the meander are very 

small; (iii) since a rigorous model of each meander inductor has 

to take also a resistive contribution into account, the equivalent 

resistance associated to the series inductor is between 60 Ω and 

160 Ω, whereas the equivalent resistance associated to the shunt 

inductor spans the range 50–90 Ω. Hence, we can predict a 

degradation of the IL, especially in the case of the band-pass 

filter, due to an increased mismatch to the characteristic 

impedance of the CPW lines. Regarding Fig. 12b, it gives 

important information about the contribution of the sole IDC to 

the total capacitance CS of the variable capacitors, since the 

capacitance of the VACNT matrix can be modelled as a tunable 

capacitance in parallel with the fixed capacitance of the 

standalone IDC, which is estimated to be about 0.01 pF by 

fitting the measurements with the equivalent circuit in Fig. 5b. 

Other parameters of interest resulting from the fitting are 

CP = 0.03 pF, RS = 30 Ω, and LS = 0.01 nH; these values 

provide a good agreement with the measured S-parameters, as 

it can be seen from Fig. 12b. When extracting the equivalent 

circuit parameters of the IDC with the VACNT matrix as a 

function of the dc bias voltage, it is necessary to consider the 

intercorrelation among RS, LS, and CS, due to the presence of 

parasitic effects generated by many factors, like CNT resistance 

and kinetic inductance [35], defects in CNT growth and 

alignment, potential short-circuits among adjacent electrodes 

and/or neighbor CNTs, unavoidable oxidation process of the 

thin Mo layer, etc. However, it is possible to provide a quite 

reliable range of values for RS, LS, and CS when biasing the 

VACNT-based variable capacitor between 0 V and 8 V, as 

shown in Table IV (where the Q-factor is defined as 𝑄𝑓 =

(1 𝑅𝑆⁄ )√𝐿𝑆 𝐶𝑆⁄ ). The expected degradation of Qf must be 

considered as a potential cause for additional transmission 

losses. We stress here that the values presented in Table IV 

were extracted from the S-parameters of the single VACNT-

based IDC, using the model shown in Fig. 5b and via a careful 

fitting process, by considering the same values extracted for the 

sole IDC without CNTs (see Fig. 12b) 

 

From previous considerations, we can estimate the value of 

the variable capacitance provided by the sole VACNT matrix 

to be between 0.49 pF and 0.64 pF, hence an increase of about 

77% when applying a dc bias voltage to the IDC or, in other 

words, Cmax/Cmin ≈ 1.3. This result is remarkable, as it suggests 

the feasibility of tuning efficiently (and almost instantaneously, 

as the latency between the application of the biasing signal and 

the change in the capacitance is in the order of μs) each filter by 

applying a (relatively small) bias to the VACNT-based IDCs, 

and it represents the validation of the concepts stated in the 

Introduction and in Section II, namely the integration of CNT-

based nanotechnology into CMOS-compatible passive 

microwave components with (relatively low-voltage) tunable 

characteristics. In the Appendix, we provide a more advanced 

method to model rigorously the VACNT-based IDC, as to take 

all the parasitic effects into account from a circuit point of view; 

this offers a practical and fast way to implement such a 

component in commercial software tools for RF design and 

project. Finally, the outcomes of the RF measurements 

performed on the three filters are shown in Fig. 13. 

 
(a) 

 
(b) 

Fig. 12.  (a) Extracted equivalent resistance (solid blue curves, left vertical axis) 

and equivalent inductance (solid red curves, right vertical axis) of the meander 

inductors; (b) comparison between modelled (solid blue and black curves) and 
measured (solid pink and red curves) of the reflection (left vertical axis) and 
transmission (right vertical axis) coefficients of the IDC without VACNTs. 

TABLE IV 

EXTRACTED PARAMETERS OF THE EQUIVALENT CIRCUIT OF THE VACNT-
BASED IDC, AS A FUNCTION OF THE APPLIED DC BIAS VOLTAGE 

dc voltage (V) RS (Ω) LS (nH) CS (pF) Q-factor 

0 36 0.1 0.5 (Cmin) ~0.4 

8 48 0.1 0.65 (Cmax)
 ~0.26 
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For the sake of clarity, we present only the two main cases, 

i.e., unbiased filter (0 V) and filter biased with the maximum dc 

voltage apt to maximize the tunability effect. This dc bias 

voltage is equal to 8 V for the low-pass and high-pass filters, 

and to 4 V for the band-pass filter (because of the joint effects 

of the IDC-based resonators put in cascade). The working 

principle of the VACNT-based variable capacitor is validated, 

as it acts on both the reflection and transmission coefficients, 

with a very strong shift of the filtering frequency (|S11|) in the 

case of the band-pass filter. 

We stress here that, at dc bias voltage values higher than 8 V, 

a small current in the order of mA was detected to pass through 

the IDCs due to contacting of adjacent CNT tips inside the 

VACNT matrix. This phenomenon causes an undesired 

electrical charge of the touching CNTs; hence, a recovery time 

of some minutes was necessary to reset the electro-mechanical 

state of the CNTs. The combined effect of the actual values of 

RS, LS, and CS gives rise to a different passband for the low-pass 

filter (Fig. 13a), which extends up to about 3 GHz. In the case 

of the high-pass filter (Fig. 13b), the passband covers the entire 

frequency range 8–16 GHz (as predicted by the simulations), 

but with an average value of the IL equal to 4 dB (a direct 

consequence of RS and LS). However, the most evident effect 

given by the tunable VACNT-based IDCs can be observed in 

Fig. 13c (band-pass filter): the maximum in-band return loss 

shifts of 1.16 GHz within the X band (from 10.51 GHz down to 

9.35 GHz or, in other words, a tunability of 11.6% taking 

10 GHz as reference frequency) and spans between 24.81 dB 

and 36.13 dB, whereas the maximum rejection is 31.65 dB; all 

the latter results are in good agreement with the performance 

predicted by the simulations. Nevertheless, the FBW-3dB is 

12.44%, the minimum in-band IL is between 11 dB and 12 dB 

(hence, the filter can be classified as a ‘lossy’ one [36]–[38]) 

with a maximum frequency shift of 220 MHz (tunability of 

2.2%, likely due to undesired supplementary losses coming 

from the thin Mo layer and concealing the real transmission 

performance), and the maximum roll-off rate ζ-20dB is within the 

range 1.7–2 dB/GHz. Finally, Fig. 14 shows the measured 

group delays τg for the three filters in the unbiased and biased 

states. 

 

 
(a) 

 
(b) 

 
(c) 

Fig. 13.  Measured reflection (left vertical axis, solid pink and blue curves) and 

transmission (right vertical axis, solid black and red curves) coefficients, in the 

band 0–16 GHz, for the (a) low-pass filter, (b) high-pass filter and (c) band-pass 

filter, in the unbiased state (0 V) and for the maximum dc bias voltage 

applicable onto the VACNT-based IDCs. 

 
(a) 

 
(b) 

 
(c) 

Fig. 14.  Measured group delay τg of the proposed VACNT-based (a) low-pass, 
(b) high-pass and (c) band-pass filters. The blue rectangles identify the 

passbands of interest. 
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In agreement with the simulations presented in Fig. 7, the 

measured τg (which presents ripples coming from the frequency 

sampling of the RF measurements) is small and quite flat in the 

passband of both the low-pass and high-pass filters (blue 

rectangles in Figs. 14a-b); in the case of the high-pass filter 

(Fig. 14c), the frequency response of τg shows a small variation 

in the X band (blue rectangle). Again, τg is negative where the 

slope of the phase shift is positive, but this occurs out of the 

passbands in all the three cases, where the behavior of τg is of 

no interest. 

We also investigated, by using SEM techniques (Fig. 15), the 

state of the VACNTs after the performed measurements to 

confirm the total recovery of the nanotubes after the electro-

mechanical actuation. In this respect, the VACNTs do not show 

any evident structural modification or degradation due to the 

application of an external dc bias voltage. This ensures, in a first 

approximation, the reliability and endurance of the fabricated 

VACNT-based filters. Moreover, all measurements were 

performed at room temperature, and we expect that 

environmental conditions do not pose any problem; hence, no 

strict control of the temperature is required to preserve the 

achieved capacitance and losses. 

 

Possible actions to counteract the effect of the losses could 

be the deposition of a thicker (i.e., up to 1 μm) layer of gold for 

the CPW lines, the optimization of the VACNT matrixes to 

further avoid growth defects and potential short-circuits, and 

the exploitation of state-of-the-art air bridges to connect the 

floating ground plane of the high-pass and band-pass filters 

(instead of using gold wires that introduce unpredictable 

parasitic inductances, due to the impossibility of control their 

length precisely). Also, the oxidation of the thin Mo layer has 

to be counteracted and, in this sense, new research is in progress 

(but at its very beginning) to find a feasible solution, together 

with the possibility of increasing the reproducibility of the 

fabrication yield by a state-of-the-art optimization of the CNT 

growth process. Despite the aforementioned limitations, the 

outcomes of the RF measurements represent, to the authors’ 

knowledge, an unprecedented application of CNTs to create 

tuning components for microwave applications. 

VI. CONCLUSION 

In this manuscript we have presented the very first prototypes 

of tunable and miniaturized filters, whose voltage-controllable 

components consist of variable capacitors based on vertically 

aligned carbon nanotubes, for wireless applications targeting 

the C, X, and Ku bands (4–16 GHz). The electro-mechanical 

actuation of the carbon nanotubes has been investigated using 

theoretical principles and multi-physics simulations. Then, a set 

of circuit and electromagnetic simulations has been performed 

to design the three filters (low-pass, high-pass, and band-pass) 

and to predict their performance according to the envisaged 

behavior of the variable capacitors. Finally, a complete dc and 

RF characterization of the three filters has been discussed in 

detail, with a particular attention to advantages and 

disadvantages of the proposed solution, and to possible 

countermeasures apt to balance the drawbacks. To the authors’ 

knowledge, this concept represents an unprecedented 

application of carbon nanotubes, that could pave the way for a 

novel class of tuning components in microwave engineering. 

APPENDIX 

The extraction of a rigorous equivalent circuit model for the 

VACNT-based IDC was done starting from the measured 

scattering matrix S of the component. A π network was 

designed, so, for simplicity, the scattering matrix was first 

converted into an admittance matrix Y, as follows: 

𝒀 = (𝑰 − 𝑺)(𝑰 + 𝑺)−1/𝑍0 =
1

𝑍0
[
𝑌11 𝑌12

𝑌21 𝑌22
]     (9) 

where Z0 is the normalization impedance used to compute the 

S-parameters, and, for symmetry, it must be Y11 = Y22 and 

Y12 = Y21. Only two different impedances in the π network must 

thus be designed, Zπ and Zμ. They shall approximate the 

admittances Yij obtained from the measured data, in particular 

Zπ ≈ 1/(Y11+Y21) and Zμ ≈ 1/Y21 at the frequencies of interest and 

be physically realizable. 

A reasonable choice for the form of the Zπ and Zμ impedances 

is a rational function, so that they can then be mapped to circuit 

components by the well-known partial fraction expansion 

technique: 

𝒀(𝑠) =
∑ 𝑏𝑖

𝑁𝑏
𝑖=0

𝑠𝑖

∑ 𝑎𝑖
𝑁𝑎
𝑖=0

𝑠𝑖
= 𝑘1𝑠 + 𝑘0 + ∑

𝑟𝑖

𝑠−𝑝𝑖

𝑁𝑎
𝑖=1       (10) 

where, to ensure physical realizability, it must be |Na–Nb| ≤ 1. ri 

and pi are the residues and poles, respectively, that in general 

can be either real or come in complex conjugate pairs. Each 

fraction corresponding to a real residue can be mapped 

immediately to a simple parallel RC branch, with all the 

fractions corresponding to a series of branches. Complex 

 
(a) 

 
(b) 

Fig. 15.  SEM pictures of the generic VACNT-based IDC after measurements: 

(a) overview of the dense VACNT matrix; (b) detail with the digits of the IDC 

and the grown VACNTs. 
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conjugate pairs lead to resonant RLGC branches, but they were 

not needed in this specific case. k1 and k0 (an inductor and a 

resistor) can arise if Nb ≥ Na, but again, that was not the case for 

this system. Indeed, good results were achieved by using 

Na = 3, Nb = 2 for the representation of Zπ and Na = 2, Nb = 1 for 

the representation of Zμ. The approximation was obtained using 

MATLAB’s invfreqs function, which also guarantees stability of 

the fitted rational fraction by ensuring all poles have a negative 

real part, and then decomposed using the residue function, 

yielding the circuit shown in Fig. 16. The outcomes of the 

fitting procedure are displayed in Fig. 17 for both the amplitude 

and phase of Y11 and Y21: the matching with the measured 

admittance parameters is excellent. 
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