
eprints@whiterose.ac.uk
https://eprints.whiterose.ac.uk

Universities of Leeds, Sheffield and York

Deposited via The University of Leeds.

White Rose Research Online URL for this paper:
https://eprints.whiterose.ac.uk/id/eprint/127213/

Version: Accepted Version

Article:

Obuh, IE, Doychinov, V, Steenson, DP et al. (2018) Low-Cost Microfabrication for MEMS 
Switches and Varactors. IEEE Transactions on Components, Packaging and 
Manufacturing Technology, PP (99). pp. 1-9. ISSN: 2156-3950 

https://doi.org/10.1109/TCPMT.2018.2834865

This article is protected by copyright. Personal use of this material is permitted. Permission
from IEEE must be obtained for all other uses, in any current or future media, including 
reprinting/republishing this material for advertising or promotional purposes, creating new 
collective works, for resale or redistribution to servers or lists, or reuse of any copyrighted 
component of this work in other works.

Reuse 

Items deposited in White Rose Research Online are protected by copyright, with all rights reserved unless 
indicated otherwise. They may be downloaded and/or printed for private study, or other acts as permitted by 
national copyright laws. The publisher or other rights holders may allow further reproduction and re-use of 
the full text version. This is indicated by the licence information on the White Rose Research Online record 
for the item. 

Takedown 

If you consider content in White Rose Research Online to be in breach of UK law, please notify us by 
emailing eprints@whiterose.ac.uk including the URL of the record and the reason for the withdrawal request. 

mailto:eprints@whiterose.ac.uk
https://doi.org/10.1109/TCPMT.2018.2834865
https://eprints.whiterose.ac.uk/id/eprint/127213/
https://eprints.whiterose.ac.uk/


For Peer Review

�

�

�

�

�

�

���������	
����
���
���
�������	�	����
����������

����������
�

�

�������	� ���������	��
	�
�	�
	������
���������
���
�������������
�����	�	���


������
������ ���
��������������


������
������
�	� ������ !��"�
#!$%#��$��!&�

���'�"�()
��'*�(+��,'�#��,��	� ���%'(����-�

��)��'�'��
����.�#��,���	�  (�,/���
(��0�$�
1'��
�+��.��''*�/�"�,�����.���'�����
����*���'���
����
��2
�''�
�2�
��+�,
��1/�3
4���0�$�
1'��
�+��.��''*�/�����
���'��.���(��
��/�#�����)����
"+��')�/���*�"'��
�2�
"�''����/���1
*0�$�
1'��
�+��.��''*�/���'�����
����*���'���
������2�
#44���'4�,��
�/����+���0�5
�2�
��24��6��$�
1'��
�+��.��'�,����2+�!���,�

7��24�4/��'����)'����.���'���
������*���)���'����2
�''�
�2�
��('�����/����0�$�
1'��
�+��.��''*�/�"�,�����.�����
"�)8
�/�!������20�$�
1'��
�+��.��''*�/�����
���'��.�

���9�1'����*�
�,����
���

5'+9��*�	� 

���'�'����)'�,��
����*'1
�'�/�

���)��,
�
�2/�

���9�1'�*'1
�'��

��

�

�



For Peer Review

> REPLACE THIS LINE WITH YOUR PAPER IDENTIFICATION NUMBER (DOUBLE-CLICK HERE TO EDIT) < 

 
1 

 
Abstract—This paper presents a low-cost micro-fabrication 

technique for manufacturing RF MEMS switches and varactors 

without intensive cleanroom environments. The fabrication 

process entails only laser micro-structuring technique, non-

cleanroom micro-lithography, standard wet-bench and hot-film 

emboss of SU-8 and ADEX polymers. MEMS movable structures 

were fabricated out of 14-μm-thick Aluminum foils and suspended 

above coplanar-waveguide transmission lines, which were 

implemented on top of FR4 substrates, via 5-μm-thick SU-8 

dielectric anchors. Both MEMS structures and FR4 substrate 

were integrated using micro-patterned polymers, developed by 

using dry-film ADEX and SU-8 polymers, for a composite 

assembly. An average fabrication yield of higher than 60% was 

achieved, calculated from ten fabrication attempts. The RF 

measurement results show that the RF MEMS devices fabricated 

by using the novel micro-fabrication process have good figure-of-

merits, at much lower overall fabrication costs, as compared to the 

devices fabricated by conventional cleanroom process, enabling it 

as a very good micro-fabrication process for cost-effective rapid 

prototyping of MEMS.  

 
Index Terms — Subtractive manufacturing, micro 

electromechanical systems (MEMS), rapid prototyping. 

I. INTRODUCTION 

adio-frequency microelectromechanical systems (RF 

MEMS) are mostly fabricated by using cleanroom-based 

fabrication technology. Cleanroom fabrication techniques 

consist of intricate development cycles, which includes metal 

and dielectric film depositions, material etching and chemical 

processes. Cleanroom-based processes require well-controlled 

air-circulation, ventilation, and filtering systems with the 

ultimate goal to minimize contaminants that may interfere with 

the fabrication process [1]. These imperatives as well as the 

associated investment and operational costs, for cleanroom 

equipment and maintenance, ensure relatively steep budgets are 

required to manufacture MEMS structures. Cleanroom-based 

processes consist of substrate preparation, thin film metal and 

dielectric deposition, pattern etching, and membrane release 

methods [1]. Fabrication techniques examined in [2-5], 
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employed these processes with variations in complexity, cost 

and estimated development timescales. In comparison, the 

techniques developed in this paper are non-clean room based, 

inexpensive, and achieve satisfactory yields with quicker 

turnaround times. In [2] a dimple shaped RF MEMS switch was 

fabricated on an alumina substrate using an eight step clean 

room based process. A combination of Physical Vapor 

Deposition (PVD) and Plasma-Enhanced Chemical Vapor 

Deposition (PECVD), as well as thermal evaporation, were 

used to deposit the conductive and dielectric layers that 

comprise an RF MEMS device. Materials used were TiW, 

Cr/Au, and SiO2. MEMS features were defined using Reactive 

Ion Etching (RIE), O2 plasma dry etching, and 

photolithography. 

A similar procedure based on a four mask process was 

employed in [3], for an RF MEMS switch fabricated on a 

TMM4 PCB substrate. Conductive layers were formed from 

Ti/Cu, Au, and Cr/Au; whereas Si3N4, deposited by High-

Density Inductively Coupled Plasma Chemical Vapor 

Deposition (HDICP CVD), was used as a dielectric layer. 

Features were defined using selective wet etching and resist 

removal using an acetone soak. 

In [4], bonded silicon and glass wafers were used as 

substrates. Dielectric layers were formed of SiO2 and Poly-Si, 

deposited by PECVD and Low-Pressure CVD (LPCVD) 

methods, respectively. Metal tracks were formed from Au, with 

RIE and ICP-RIE used to define CPW transmission lines and 

other necessary features. In addition, the bonding of the silicon 

and glass wafers was achieved using solutions of H2O2, H2SO4, 

and HF. 

Research work in [5], aimed at reducing clean room based 

fabrication costs, explored a springless switch design fabricated 

with a three wafer assembly, consisting of a glass slide, a 

Rogers RO4003 board, and a silicon wafer. Metal in the form 

of an Au/Cr layer was deposited on the glass slide using thermal 

evaporation, and feature patterning was achieved using 

photolithography with dry film resist. Dielectric layers were 

formed out of Ta2O5.  
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Recent efforts aimed at cost reduction for MEMS micro-

fabrication, involved polymer based materials employed as 

both dielectric and adhesive bonds, with layer transfer 

manufactured by volume stamping or spin coating [6]. In 

addition, research interests in alternatives to traditional 

cleanroom based substrates were reported with intensive 

investigations into usage of ceramics and fiberglass-based PCB 

substrates [3, 6-10].  Photosensitive Benzocyclobutene (BCB), 

SU-8, fluorinated poly (Arlene ethers) and fluoropolymer 

cyclized perfluoro (CPFP) polymers were experimented as low-

cost replacement for inorganic films in MEMS fabrications, 

with patterning of deposited polymer film coated by 

photolithography process [6], [11]. 

As an example, PCB MEMs varactors fabricated using 

cleanroom technologies, were reported in [7], with deep-

reactive ion etching (DRIE) process employed in MEMS 

Kapton membrane fabrication. Benzocyclobutene (BCB) was 

employed as the dielectric layer for etched coplanar waveguide 

(CPW) transmission lines.  The dielectric layer for PCB MEMS 

switches reported in [8] was fabricated with an inductively 

coupled plasma (ICP) reactor. Wet etching was employed for 

structuring of the CPW with additional plating at the switch 

position. Research studies involving PCB-based MEMS 

fabrication processes have been reported in [3], [8-10], and are 

intensively cleanroom-based, with the accompanying 

complexity and production cost earlier observed. 

This paper presents a novel micro-fabrication method, 

without intensive cleanroom manufacturing techniques and the 

associated mitigating equipment and processing costs. Laser 

micro-structuring processes are employed to fabricate MEMS 

deflecting membranes, microlithography masks, and for 

etching the transmission lines on the substrates. In addition, an 

optimized hybrid manufacturing process of the wet bench and 

dry-film emboss process for both SU-8 and ADEX polymers 

deposition was investigated and optimized for the RF MEMS 

integration and bonding process. In this work, RF MEMS 

switches and varactors operating up to 3 GHz were 

manufactured, for demonstrating purpose, by using the 

previously mentioned micro-fabrication techniques. The non-

cleanroom fabrication methods employed, stems from a focus 

on exploring cost-effective alternatives to realizing RF MEMs 

structures, ensures sufficient bonding, with minimal packaging 

requirement to additional RF devices on PCB. The fabrication 

technique also resulted in reasonable yields of 60% with simple 

fabrication development cycles. The main challenge and 

limiting factor to achieving higher yields is controlling the 

environment outside of a clean room, e.g. ambient light level 

and dust and particle contamination. However, the use of a fume 

cupboard with a guard screen, in combination with blue light 

filters, were found to be sufficient for this quick, low-cost 

process. 

II. MEMS SWITCHES AND VARACTOR DESIGN 

A 3D model of the MEMS switch design used to demonstrate 

the fabrication method presented in this paper, in both of its 

operational states, is shown in Fig. 1. The up-state position is 

depicted in Fig. 1 (a), also referred to as the zero bias or OFF 

state; the down-state is shown in Fig. 1 (b), which is the bias 

condition or ON state. The MEMS switch consists of a coplanar 

waveguide transmission line with signal conductor width of 460 

µm and a 95-µm gap, up to the switch location, where it widens 

to 340 µm. A 14-µm-thick, H-shaped, Aluminum bridge 

membrane is suspended, 6 µm, above the coplanar waveguide, 

and is attached at both anchor ends by ADEX epoxy polymers. 

In addition, there are two polymer posts at the anchors to 

electrically isolate the MEMS aluminum bridge from the 

ground of the CPW. Then, a 1-µm SU-8 layer provides similar 

electrical decoupling fabricated on top of the center signal 

conductor. 

The device parameters derived from the equivalent model of 

a MEMS switch reported in [12], alongside the capacitance 

ratio of the switch in both states examined in [13, 14] were 

optimized with fabrication limitations and project objectives 

 

 
Fig. 1.  3D model and cross-sectional view of MEMS switches and varactors for both Upstate and Downstate positions. 
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as constraints. 

The design of the RF MEMS switch and varactor begins with 

determining the dimensions of the CPW transmission line, i.e. 

the gap G and signal line width S, which play an important roles 

in the devices’ signal loss and bandwidth response and 

determine the switch and varactor bridge length. The gap and 

signal line width were determined to be 340 µm and 460 µm, 

respectively, for a standard line impedance Z0 of 50 Ω. The 
design of the CPW line was performed using Keysight’s 
Advanced Design System (ADS)1 for a CPW line on a low-cost 

FR4 substrate, and its performance verified using the 

commercial 3D EM simulator Ansys HFSS2.  

An important parameter of both the RF MEMS switch and 

varactor is their capacitance ratio, which determines the 

isolation between the two states (ON and OFF) of the switch 

and the limits of the variable shunt capacitance presented by the 

varactor. The capacitance ratio is given by [15]: 𝐶𝑟 = 𝐶𝑑𝐶𝑢 = 𝜀0𝜀𝑟𝐴 𝑡𝑑⁄𝜀0𝐴𝑑0+𝑡𝑑𝜀𝑟+𝐶𝑓       (1) 

Where 𝜀𝑟  is the relative permittivity of the SU8 dielectric film 

on the signal line of the switch area, 𝑡𝑑  is the SU8 dielectric 

film thickness, 𝐴 is the capacitive area of the bridge, 𝑑0 is the 

bridge height, 𝐶𝑑 , 𝐶𝑓 and 𝐶𝑢, are the down state, fringe and up 

state capacitances, respectively. For the RF MEMS switch and 

varactor used to demonstrate the novel fabrication process, 𝐶𝑟 

values of 50 and 4 were chosen, respectively. The 

corresponding bridge width 𝑤 can then be obtained from the 

capacitive area 𝐴 which is defined as 𝑆 × 𝑤. 
The DC actuation voltage 𝑉𝑎, which is the control signal that 

is applied to the RF MEMS switch and varactor, can then be 

determined by [15]: 𝑉𝑎 = √ 8𝑘27𝜀0𝑆𝑤 𝑑03                         (2) 

Where 𝑘 is the spring constant of the bridge, 𝜀0 is the 

permittivity of vacuum, 𝑤 the bridge width, 𝑆 the signal line 

width, and 𝑑0 is the bridge height. As observed from (2), to 

realize an RF MEMS switch with low actuation voltage, a low 

spring constant 𝑘 bridge design is required, and additionally the 

bridge height should be small and the capacitance area large. 

Two bridge topologies with available analytical expressions for 𝑘 were chosen and used for the switch and varactor in this 

 
1Advanced Design System, 2016 ver., Keysight Technologies, SR., CA, 

2016. 

paper. These are fixed to fixed [16] and crab leg flexure [17], 

respectively. With capacitive bridge areas and ratios derived, 

the symbolic solver tool in Matlab3 was used to obtain the 

design values for the RF MEMS switch and varactor. Table I 

provides a summary of these parameters. 
TABLE I 

DIMENSIONS OF RF MEMS DEVICES AND MATERIAL PARAMETERS 

Symbol 
Geometry and material 

parameter Switch Varactor 

E Young Modulus of Al 70 GPa 70 GPa 

l Bridge length  800 µm 450 µm 

w Bridge width 600 µm 700 µm 

t Bridge thickness 14 µm 14 µm 𝑑0 Bridge height 6 µm 2 µm 𝐴𝑥 Suspension width 100 µm 100 µm 𝐴𝑦 Suspension length 140 µm 140 µm 𝑡𝑑 Dielectric height 1 µm 1 µm 𝐶𝑟 𝑉𝑎 

Capacitance ratio 

Actuation Voltage 

50 

85 

4 

15 

 

Laser micromachining, wet bench and dry film emboss 

processes were adopted in line with project objectives to 

implement these RF MEMS switches and varactors. These 

fabrication processes were primarily developed and optimized 

on PCB, ensuring prospects for integration of additional RF 

devices and Monolithic Microwave Integrated Circuits 

(MMIC) [8]. 

III. FABRICATION PROCESS 

The MEMS switch and varactor bridge structures are 

fabricated from high-purity 14-µm thick Aluminum foils, 

mounted 6 µm above a CPW transmission line. These lines 

were etched on a rigid, 1.524-mm thick, low-cost, thermoset 

laminate FR4 substrate, with a dielectric constant of  𝑒𝑟=4.6. 

The fabrication procedure requires only three masks on account 

of its simplicity and compatibility with PCB technology. The 

fabrication process employed readily available materials 

including, Aluminum foils and sheets, Glycidyl-ether-

bisphenol-A novolac (SU-8), antimony-free photoacid ADEX 

dry film sheets; and organic solvents, Propylene Glycol Methyl 

Ether Acetate (PGMEA), and Cyclohexanone.  

The fabrication and integration processes are illustrated in 

Fig. 2, and depict laser structured transmission lines on FR4 

substrates, SU-8 patterned center dielectric layers, embossed 

2ANSYS HFSS Electromagnetic Suite, Release 2014, Ansys Inc., 

Canonsburg, PA, 2014. 
3Matlab,release R2016a, The MathWorks Inc., Natick, MA., 2016. 
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Fig. 2.  Process flow for wet bench photolithography-ADEX hot film emboss and MEMS integration technique. 

 

ADEX thin film polymers patterns for the bridge anchor 

support, and the final integration process of the MEMS 

membranes to the substrate. The reported process consists of an 

adaptation of wet bench fabrication processes with dry film 

embossing techniques, to implement multilayer microstructures 

with high aspect ratios, and adhesion properties with faster 

implementation cycles, when compared to standard cleanroom 

processes. Different sub-types of SU-8 possess varying 

viscosity allowing different coat thickness, which after curing 

and hard baking presents a near optically transparent layer with 

good mechanical and chemical resistive properties. Multilayer 

formulation of SU-8 structures has been widely reported, e.g. 

[18], based on a wet bench process with a Silicon substrate. 

ADEX thin film sheets were developed by DJ DevCorp, and 

are dry thin film epoxy polymer sheets that are placed between 

two protective polyester film sheets (PET), with thickness 

ranging from 5 µm to 75 µm. It is a modification from an earlier 

dry thick film sheet epoxy line series, SUEX, with initial film 

thickness starting from 100 µm. 

A combination of photolithography and hot embossing is 

used to pattern these polymers, with the cured coating 

presenting a uniform layer, possessing strong mechanical and 

excellent adhesive properties to metals and other polymers. 

Work reported in [19], and [20] provides an insight into 

multilayer applications of ADEX film sheets, and their robust 

mechanical and bonding properties. The combined application 

of both SU-8 photoresist and ADEX dry film sheets maximizes 

the benefits from both, with stable adhesion to the MEMS 

membrane offered in the latter, and a thin coat thickness 

obtained using the former. 

We propose this process described in the Fig. 2, using micro-

structuring of both Aluminum foil and copper cladded FR4 

substrates, together with photolithography and thin film 

polymer emboss, to obtain a patterned substrate; and a final 

integration procedure for the MEMS component members. 

A. Substrate layer 

The low-cost implementation of the CPW transmission lines 

requires a subtractive methodology, compatible with 

commercial PCB etching methods. Various techniques 

considered in published literature [3, 15, 21] have established 

production with wet chemical batch etching and micro-

fabrication as dominant methods. Recent work reported in [21] 

describes the fabrication of CPW lines from an Au layer 

deposited by thermal evaporation on a GaAs substrate, and 

using photolithography to define track width, anchor and 

actuation posts, following liftoff in an etch bath. In [15], an 

investigation into the properties of SU8 confirmed it as a cost 

effective photoresist for masks. This property was exploited in 

[3], to again fabricate CPW lines on a bare PCB substrate 

sputtered with a Ti/Cu layer, and transmission lines defined by 

photolithography. The processes employed in [3] and [21] are 

suited to a clean room environment, and are time-consuming 

and complicated, requiring the use of expensive equipment. 
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In line with our objectives, we adopted laser etching 

technique that made for fabrication of the transmission lines on 

copper cladded Duroid substrate boards, on account of its 

compatibility for PCBs. This procedure was also applied to 

realize micro-structuring of 14 µm thick Aluminum foils for the 

MEMS device membranes, and the 100 µm thick Aluminum 

sheets employed as lithography masks. Micro-structuring by 

laser, was adopted due to its relatively low cost, and short 

production time window, while still achieving design 

requirements. 

The LPKF U3 Protolaser machine, with a laser beam 

resolution of 15 µm, made for ablation of desired copper 

regions on the substrate to achieve the transmission lines. The 

operation defining the copper surface rubout and structuring 

routine consists a sequence of steps indicated as follows. The 

first step in the fabrication sequence is to prepare the copper 

layer on the FR4 substrate for laser etching and structuring. 

PGEMA and dry air were employed as cleaning agents to 

remove dirt and surface impurities on the board. Thereafter the 

board start point and substrate thickness were scanned by a pilot 

diode beam, alongside an alignment of the board along the x, y, 

and z axis, through the positioning and travel by the beam, first 

at the origin of chuck and at target work piece. Adjustments in 

the alignment of the work piece was made possible by 

combination of servo motors in combination with vacuum 

suction pressure on the chuck. 

A set of phase production parameters, which describe the 

laser and machine work excursion schedule, was set for 

optimized structuring of the CPW transmission lines. These 

parameters are related to the laser work fields supplied in the 

job allocation routine software, Circuit Master. This software 

also made for allocations of laser work field structures for both 

100 µm Aluminum sheets, employed as the lithography masks, 

and the 14 µm foils used as the MEMS membranes.  The fields 

include pre-heating of the target scan field in the pre-heat phase, 

an excursion of the heat laser beam along copper rub-out area 

in the contour phase, heating of the scanned target area in the 

heating phase. 

The next step consists of the job extraction phase where a 

stream of high pressure air is fed on to the work and vacuum 

table to make for separation of debris from the structured 

transmission lines on the FR4 substrate.  

To realize set goals, a range of optimized parameters 

consisting of frequency, power, jump time delay, speed and 

repeat cycles were derived. The optimal working pressure is for 

the routine developed is 6 bars. A summary of this process is 

indicated in the laser substrate structuring section of Fig. 2. 

B. MEMS membrane layer 

The MEMS top layer subsection shown in Fig. 2, describes 

the stages involved in the micro-structuring of 14 µm 

Aluminum foils by laser. Both MEMS switches and varactors 

movable membrane are fabricated using this technique, with a 

modification of the production field parameters of the LPKF U3 

Protolaser machine indicated in section A. The laser beam 

frequency and repeat cycles were also modified to obtain the 

desired structure from the foils. The upper Aluminum MEMS 

members, varactor and switch bridges, fabricated using this 

technique are shown in Fig. 3A), and Fig. 3B) respectively. And 

are seen to consist of flexible suspensions, bridge, anchor 

termination points. They are suspended over the CPW 

transmission line as depicted in the microphotograph in Fig. 3.  

C. MEMS dielectric and support layers 

The MEMS devices to be integrated to the substrate require 

multilayer polymer deposits to make for the desired air gap, and 

a dielectric layer on the center conductor. The dominant trend 

consists of designating a polyimide layer as the sacrificial layer. 

Various processes for fabricating the sacrificial layer, with 

adhesion of the layers to substrate and membrane materials as 

governing concerns, have been reported in [1], and [23-25]. 

These processes include suiting deposition technologies, such 

as electroplating, chemical and vapor deposition, alongside 

matching etching techniques, including Ion Coupled Plasma 

(ICP) etching and Reactive Ion Etching (RIE). Improvements 

in the SU8 photolithography process were reported in [26], with 

exposure regulation and aperture channel control. Another 

method entails transferring laminated films of SU-8 as reported 

in [26], with a removable material to make for micro-channels. 

Multilayer SU-8 deposition requires a repeat of the polymer 

coating on the substrate and accompanying lithography curing 

procedure, mirroring the number of layers. 

The procedure adopted to realize this layer is chosen to be a 

blend of photo-lithography and a hot emboss of the ADEX thin 

film epoxy on the substrate, for the switches and multi-layer 

SU-8 coating for the varactors. This adaptive process is aptly 

described as the wet bench-dry film press, with a transition 

between polymer depositions via spin coating, to embossing dry 

film polymer on the substrate. A description of this process 

would follow in this section, and has been optimized for both 

copper cladded FR4 substrate, and the MEMS membrane.  

The process begins with a preparation of the substrate and 

structured transmission lines, through cleaning by Isopropanol 

(IPA), and pre-heating to allow for dehydration. Thereafter SU-

8 2002 resist is spun on the substrate at 4000 rpm, ramped from 

500 rpm with the Chemat KW-4A-CE spin coater, with excess 

beads trimmed after this deposition. The copper cladded surface 

of the substrate now coated with 1 µm layer of SU-8 2002, is 

soft baked at 95℃, and ramped from 65℃, prior to exposure, to 

reduce the viscous flow accompanying deposition of the resist. 

This process steadies the SU-8 coat which would also be in 

close contact with the mask in the curer, when it is exposed to 

Ultra-violet (UV) light. Curing is made possible by 365 nm 

wavelength UV light provided by the Chemat KW-4AC, with 

the chuck rotating at 6 rpm to make for uniform exposure. This 

process results in cross-linking of the SU-8 layer. The exposed 

substrate and SU-8 is baked at a stepped temperature of 65℃, 

and at 95℃. This process results in a polymerized layer of SU-

8, with discernible patterns on the substrate. Development of 

the wafer is done in PGMEA, and with further cleaning in 

propanol. Additional baking of the substrate at 65℃ and then 

95℃ is required to allow for complete curing of this initial posts 

and patterned center line dielectric SU-8 polymer layer.  
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           MEMS switch                      MEMS varactor 

              (a)                                                                                                                                (b) 

Fig. 3.  Microphotograph of the MEMS Aluminum varactor 

 

To make for patterning of the MEMS suspension anchor 

posts, an additional sacrificial coat of SU-8 2002 resist is spun 

on the wafer, thereafter the ADEX sheet is embossed on to the  

substrate at 65℃, by feeding both film and substrate into the 

SKY 335R6 laminator at 0.3 m/min. A thin uniform layer of the 

ADEX polymer is stamped onto the copper cladded substrate, 

with this process. The carrier Polyethylene terephthalate (PET) 

film is carefully peeled off the substrate leaving behind 5 um 

layers of the ADEX film polymer. Curing of this embossed 

polymer, is also provided by the Chemat KW-4AC UV. The 

wafer is later baked on an oven at 65℃, and stepped up to 85℃, 
to make for polymerization of the anchor post patterns, which 

would now be visible. The substrate is thereafter soaked and 

agitated in Cyclohexanone, to ensure development of the 

polymer. A summary of this process employed to realize the 

ADEX and SU-8 polymer patterns and posts is indicated in 

bottom layer section of process ensemble depicted in Fig. 2. 

The alignment accuracy achieved between the two dielectric 

layers, i.e. the SU-8 and ADEX layers, was found to be, on 

average, 69 µm. This accuracy is defined as the difference 

between the structures as designed and simulated and any 

misalignment after fabrication is complete. 

The CPW transmission lines obtained from the rubout of the 

copper cladded FR4 board with the LPKF U3 machine, is now 

observed to be patterned with 1 µm dielectric layer of SU-8 

2002 on the signal line, and as foundation for the 5 µm ADEX 

epoxy polymers deposits developed from dry film. This 

provides the required elevation, for the bridge anchors from 

the CPW ground plane. Measured dimensions of fabricated 

structures are shown in Table II. 
TABLE II 

MEASURED DIMENSIONS OF FABRICATED RF MEMS DEVICES 

Symbol MEMS device geometry 
Switch 

(µm) 

Varactor 

(µm) 

l Bridge length 772 

567 

86 

127 

6.2 

1.1 

414 

685 

84 

129 

2.3 

1.2 

w Bridge width 𝐴𝑥 Suspension width 𝐴𝑦 Suspension length 𝑑0 Bridge height 𝑡𝑑 Dielectric height 

D. MEMS device integration process 

With the ADEX support posts and SU-8 resist layers now 

developed, integration of the MEMS device follows. The 

process consists of an alignment of the Aluminum MEMS 

members with 2.48 mm diameter circular fiducials, positioned 

on both substrate and MEMS membranes. A holding fixture, 

composed of an Aluminum block, is milled with complimentary 

fiducial markers to provide accurate positioning of the substrate 

with the MEMS membranes. Alignment accuracy between the 

Aluminum sheet layer and the dielectric posts, using this 

method, was found to be, on average, 49.5 µm. The method 

used for determining this is the same as that for the alignment 

accuracy between the SU-8 and ADEX layers, described 

previously. Each member is lowered onto the alignment fixture, 

alongside the substrate by calipers in calibrated steps with 

observation through a microscope. Propanol, IPA, is used to 

rinse the wafer and the sacrificial layer of SU-8 2002, which 

consequently ensures air gap between the bridge and the 

transmission line. To ensure complete polymerization, in 

addition to making for a composite assembly, the substrate, 

MEMS bridge, and alignment fixture posts held in place by the 

aligner, is then hard baked at 150℃, ramped from 130℃ for two 

hours, to ensure all structures are set, in addition to furthering 

cross linking and ensuring the stability of the patterned 

polymers.  Finally, the substrate, it is allowed to cool, and air 

dried to forestall the possibility of the MEMS bridges being 

pulled down by the surface tension of the any leftover fluids or 

moisture.  

The integration process that made for the bonding of the 

MEMS membrane with the board, and patterned polymers is as 

depicted in the integration subsection of Fig. 2. The aligner 

fixture was milled from an Aluminum block, with a recess to 

make for accommodation of MEMS device assembly, and 

fiducial embossed fixture cover. 

IV. RESULTS AND DISCUSSION 

The RF response of both MEMS switch and varactor was 

measured from 0.1-6 GHz by an E8316A PNA Network 
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Analyzer, connected via SMA cables to 500 µm pitch coplanar 

probes Cascade Microtech microprobes, ACP-GSG-500, 

mounted on a Cascade Microtech 9600 Thermal probe station. 

Monitoring of the DUT was by a combination of Olympus SZ-

CTV 60 microscope and an AmScope 5MP USB Microscope 

Digital camera. The DUT was held in place by vacuum suction 

unto the chuck of the probe station. The effects of the probes 

and connected cables to the PNA were de-embedded by on 

wafer standard wideband SOLT calibration methods. Actuation 

of the devices was provided by a series termination comprising 

an Agilent 6811B power supply, a 1 MΩ resistor, and a bias-tee 

separating connected SMA cables from feeding direct DC 

power to the PNA, while allowing for RF measurements. 

A. MEMS Switch 

A comparison between the simulated and measured 

reflection coefficient 𝑆11and transmission coefficient 𝑆21 of a 

typical RF MEMS switch fabricated using the process 

presented in this paper, is shown in Fig. 4 and Fig. 5, for the UP 

and DOWN, respectively. As shown in Fig. 4, the reflection 

coefficient of the 600 µm bridge width MEMS switch following 

the shunt loading of the CPW transmission line is measured at 

2 GHz to be -19.6 dB, compared to a simulated value of -18.25 

dB, for the UP state position. Also shown in Fig. 4, the 

transmission loss of this switch in the UP state from 

measurements at 2 GHz is -0.63 dB, compared to -0.25 dB from 

simulations. All simulation results were obtained from the 

commercial 3D EM software package Ansys HFSS.  

 

 
Fig. 4.  MEMS Aluminum switch return and transmission loss UP state 

response. 

 

In the DOWN state, the return loss of the switch from 

measurements at 2 GHz as indicated in Fig. 5, is -4.8 dB 

compared to -1.2 dB from simulations. The measured isolation 

of the switch, defined as 𝑆21𝐷𝑂𝑊𝑁 − 𝑆21𝑈𝑃  at 2 GHz is -7.3 dB, 

while the simulation result is -7.6 dB. 

 

 
Fig. 5.  MEMS Aluminum switch return and transmission loss DOWN state 

response. 

 

B. MEMS Varactor 

Similarly to the MEMS switch, the 𝑆11 and  𝑆21 of the varactor 

were also measured for both its states. For an actuation voltage 

of 15 V, the RF performance of the 700 µm bridge width RF 

MEMS varactor in the UP state and DOWN state is presented 

in Fig. 6 and Fig. 7, respectively. The measured return loss for 

the varactor in the UP state is measured to be -16.96 dB at 2.5 

GHz versus a simulated value of -15.1 dB. A transmission loss 

of -0.91 dB, was obtained from measurements at 2.5 GHz, in 

this state, and -0.38 dB from simulations. 

 

 
Fig. 6.  MEMS Aluminum varactor return and transmission loss UP state 

response. 

The DOWN state is given in Fig. 7, and in this case the 

measured return loss of the varactor is -16.35 dB at 2.5 GHz, 

compared to -11.3 dB from simulations. The insertion loss is 

similarly measured to be -1.21 dB compared to a simulated -

0.61 dB at 2.5 GHz. 

 
Fig. 7.  MEMS Aluminum varactor return and transmission loss DOWN state 

response. 
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V. CONCLUSION 

This paper presents the development of MEMS devices 

fabricated using laser micromachining techniques, wet bench 

processes and hot film emboss techniques on a FR4 substrate. 

The region of operation of these devices is up to 3 GHz. It is 

one of few reports that embarked on this set of combination 

processes aimed at providing cheaper fabrication solutions and 

with responses admissible for further development and 

improvement. It also includes design theory governing their 

operational principles, and an analysis of the RF response of the 

devices. 

Two analog large area MEMS devices are designed with 

capacitance ratios to function as switch and varactor, while 

achieving desired RF responses. The states of these devices are 

electronically controlled by a bias voltage, 85 V for the switch, 

and 15 V for the varactor. These MEMS devices were 

fabricated with a high yield optimized wet bench and hot film 

press processes, and to the best of our knowledge the most cost-

effective implementation methods for realizing MEMS devices.  

A comparison of studied MEMS switch fabrication methods, 

their RF response and additional process type employed, 

relative to our work is presented in Table III.

TABLE III 

COMPARISON OF KEY FACTORS OF MEMS DEVICES FABRICATION 

Key factor [2] [4] [3] [5] Our work 

MEMs device type Switch Switch Switch Switch Switch/Varactor 

Membrane material Gold/Titanium Gold Chromium/Gold Gold/Chromium Aluminum 

Operating Frequency DC - 3 GHz 2 GHz 6 GHz 5 GHz 2/2.5 GHz 

Insertion loss OFF (dB) -0.1 -0.25 -0.4 -36.6 -0.63/-0.91 

Isolation ON (dB) -27 -50 -16 -39.2 -7.3/-1.21 

Return loss OFF (dB) -20 N/A -18 N/A -19.6/-16.96 

Return loss ON (dB) N/A N/A -0.8 N/A -4.8/-16.35 

Actuation voltage (V) 0.5 12 37 93 85/15 

Substrate type Alumina Silicon/Glass  TMM4 Silicon/RO4003 FR4 

Fabrication techniques 

Clean room 

(PECVD/Lithography/

Electroplating) 

Clean room  

(PECVD/ RIE/ 

Wet etching) 

Clean room 

(HDICP/Wet etching/ 

Electroplating) 

Clean room 

(Evaporation/Lithography/

Sputtering) 

Wet bench/ 

Hot film emboss/ 

Laser structuring 

Fabrication complexity Complicated Complicated Fairly complicated Complicated Simple 

Overall costs  

(including materials) 
High High Fairly high Fairy high Low 
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