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Abstract

Modern microelectromechanical systems (MEMS) are devices that incorporate microelectronic compo-
nents and micromechanical structures on a single chip. Packaging is a mandatory stage in MEMS manufac-
turing. It ensures mechanical protection, sealing and transmission of electric energy and signals. The present
work was aimed at developing a MEMS packaging method as a part of the consolidated manufacturing
process. The method is developed on the example of a microwave MEMS switch. The switch manufacturing
scheme includes conventional technologies used for producing gallium arsenide integrated circuits: optical li-
thography, liquid etching, electron-beam and magnetron deposition of metallic, resistive and dielectric films.
The work presents a new inter-plate MEMS packaging based on a frame structure with a passivating film.
The main purpose of the package frame layer is mechanical support for an upper layer of the sealing material.
The frame layer should have the structure allowing for unimpeded removal of the sacrificial photoresist and
be impermeable for the sealant. To satisfy the requirements stated, a metallic thin copper-film spatial frame
was fabricated by galvanic deposition. The frame structure is a geodesic dome comprised of a complex net-
work of triangle cells arranged in rows. The connected triangles create a self-supporting durable framework.
The measurement and modeling results demonstrate that the round frame structure is more durable than a
square frame with the same maximum cell dimensions. The stress-strain state for the round framework con-
siderably alters depending on the number of rows of triangle cells. In addition to the mechanical support, the
cell structure of the framework — with adequate selection of cell dimensions, solvent and sealant viscosities —
allows for unimpeded penetration of the solvent (N-methyl-2-pyrrolidone, NMP) and removal of ma-P1225
photoresist sacrificial layers. At the same time, the layer structure is impermeable for the sealant (benzo-
cyclobutene, BCB). The proposed MEMS switch packaging enables mass fabrication of GaAs integrated
circuits in a single process, which expands their frequency range. The new plate-level packaging technology
is absolutely compatible with MEMS fabrication technology without specific materials and equipment which
reduces the dimensions and cost of MEMS.
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ToHKOMJIEHOYHASI TEXHOJIOTHS KOPIYCUPOBAHUS
MHUKPOJIEKTPOMEXAaHUYECKHUX CUCTEM HA OCHOBE KAPKACHOM

CTPYKTYPbI

E.C. Bap6un’, U.B. Kysmnnu’, T.I'. Hecrepenko'?, A.H. Kostena'?, E.B. Illecrepukon’,
I1.®. Bapanos', L.IT. Miabsimenko’
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Tocmynuna 06.09.2024
Ipunama k nevamu 14.11.2024

CoBpemennpie MOMC — 3TO ycCTpoOHCTBa, OOBCAMHSIONMHE B ceOC MHKpPOIICKTPOHHBIC KOMIIOHCHTHI U
MHKPOMEXaHUYCCKUE CTPYKTYpbl Ha OZHOM umre. lIpomecc KOPITyCHpPOBaHUS SBISCTCS 00sS3aTEIBHBIM 3TATlloM
nzrotoBieHUsT MOMC yCTpOWCTB, KOTOpHIA OOECHeYMBAET MEXAaHWYECCKYIO 3alIUTy, TePMETHYHOE YIUIOTHEHHE,
nepeaady IEKTPOIHEPTUH M CUrHanoB. Llenpio maHHOM paboTHl ABISUIACH pa3paboTKa crocoba KOPITyCHpPOBAHUS
MOMC, KOTOpBIH BXOAUT B €IUHBIA TEXHOJIOTUYECKUN MPOIIECC M3TOTOBJICHUS yCTpoicTBa. Pa3zpaboTka Takoro me-
ToJa KopmycupoBaHMs ocymecTBieHa Ha npuMepe CBY MOMC kmowga. CxemMa TEXHOJIOTMYECKOro Mpolecca
nzrotoBiieHuss CBU MODMC kiroda BKITIOUAeT B ceOsl TPaJUIIMOHHBIC TPOIECCHl TEXHOJOTHH apCEeHUA-TaJUTAEBBIX
WHTETPaJbHBIX CXEM, TaKWe KaK OITHYeCKas JHUTOrpadus, >XUIKOCTHOE TpABICHUE, O3JICKTPOHHO-IYYEBOC U
MarHeTPOHHOE OCAXICHHE METaJUIMYEeCKHUX, PE3UCTUBHBIX WM AMAIEKTPUYCCKUX IUICHOK. B paboTe mpeacraBieHa
HOBasi MeXIiacTuHYarass ymakoBka MOMC Ha OCHOBE KapKacHOM KOHCTPYKIIMH C IMaCCUBHPYIOMIEH TUIEHKOM.
OcHOBHasi 3ajlaua KapKacHOTO CIIOsl Kopryca — oOeclieueHne MEXaHMYEeCKOW MOAJIEPIKKU BBILIEIekKALIeMY CIIO00
repMETU3UPYIOIIero Marepuaia. KapkacHbIi CIIOW JOJDKSH 00JIaJaTh CTPYKTYPOIl, O3BOJISIONICH OCCIPEsITCTBCHHO
VIAIATh JKSPTBCHHBIA CIIOH (oTope3ncTa, W OBITh HEMPOHHUIACMBIM U TePMETHU3UpPYIOIIEro Marepuana. s
BEITIOJTHEHHSI STHUX TPEeOOBAaHWI HCIOIh30BaHA METaJUTMYECKas MPOCTPAHCTBEHHAs paMa, BHITIONHEHHAass Ha OCHOBE
TOHKOW TJIEHKH MEIH, MOJYYCHHOW METOIOM TalbBaHMYECKOTo ocakaeHus. KapkacHas KOHCTPYKLHUS UMeeT (hopmy
T'€0JIe3NYECKOTO0 KyTOJIa, COCTOSIIETO U3 CIIOKHON CETH TPEYTONBHBIX SYeeK, PACIOIMKEHHBIX psiaaMu. CoeqnHEHHBIC
TPEYTOJIbHUKU CO3JAI0T CaMOIOAIEP/KUBAIOIIUICS CTPYKTYPHO IPOYHBINA Kapkac. Pe3ynbraTsl M3MepeHMi U Moje-
JIUPOBAHUS TIOKA3aJK, YTO Kpyrias paMOYHAas KOHCTPYKIMS SIBJSICTCs Ooyiee >KECTKOM, YeM KBalpaTHas pamHas
KOHCTPYKIIHSI C TAKUM K€ MaKCHMaJIbHBIM pa3MepoM siuciiku. HampsbkeHHO-Ie(hopMHPOBaHHOE COCTOSTHUE KPYIIIOH
PaMHOM KOHCTPYKLMHU CYLIECTBEHHO M3MEHSETCS B 3aBUCHMOCTH OT KOJIMYECTBA PSAOB TPEYTOJIBHBIX SAYEEK KapKac-
HOW KOHCTpYKIMH. KpoMe MexaHWYeCKoil MOANEepKKH sEUCTas CTPYKTypa KapKaca MPH COOTBETCTBYIOIIEM IT0100-
pe pa3Mepa SUYEHKH, BI3KOCTH PACTBOPHUTENS M T€PMETH3UPYIOIIETO CIIOSI TTO3BOJSET OSCIpensaTCTBEHHO MPOHUKATH
pactBoputento (N-METHIANMUPPOINAOH) U YAAISATh KepTBeHHbIE ciion (oTopesncta ma-P1225. TIpu aTom cTpykTypa
JTAHHOTO CJIOSl HeITPOHMIIaeMa [Tl TePMETU3UPYIOIEro Marepuaia (ou3deH3onukinooyTena). [IpemioxkeHHas yimakoBka
MOMC kiroya Mo3BOJISIET CEPUHHO MPOU3BOAUTH UHTErpalibHble cXxeMbl GaAs, B €JUHOM TEXHOJOTHYECKOM IpPOLEC-
ce, 4TO pacIlIMpsieT UX 4YacTOTHbIM Auamna3oH. [Ipeanmaraemas HOBas TEXHOJIOTHS YNAKOBKM Ha YPOBHE IUIACTHUHBI
MTOJTHOCTRIO COBMECTHMA C TEXHOJIOTHEeH mpom3BoacTtBa MOMC 0e3 HCIONIh30BaHUS CIEIHMAIbHBIX MaTepHAIOB
1 000pyI0BaHMs, YTO MO3BOJISAET CHU3UTH rabapuThl U cTouMocTh MOMC.
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Introduction

Microelectromechanical systems (MEMS) are
miniature devices with mechanical, chemical or op-
tical sensors, integrated circuits (ICs) or photooptic
integrated circuits for data management and process-
ing. MEMS are widely used due to their small size
and weight and low energy consumption, as well as
lower mass production costs as compared to macro-
systems. The most widely used are inertial sensors,
namely MEMS gyroscopes and accelerometers [1,
2]. As of today, optical [3, 4] and radio-frequency
microelectromechanical systems (RF MEMS) be-
come increasingly popular, e. g., switched capaci-
tors, resonators, switches, etc. [5-8].

The packaging process is compulsory for manu-
facturing MEMS devices, which ensures mechani-
cal protection, hermetic sealing, transfer of electric
power and signals. In addition, wafer-level packag-
ing (WLP) must provide an appropriate price and
size, be CMOS-compatible, and operate in severe
conditions.

The packaging cost ranges from 30 % to 50 %
of the total production cost owing to the strict re-
quirements to packaging of brittle MEMS compo-
nents [9]. The key objective for boosting microelec-
tromechanical systems to a higher level of commer-
cialization is to find low-cost and efficient methods
of their packaging.

MEMS-packaging is performed in two ways:
die-level packaging (DLP) and wafer-level packag-
ing (WLP) [10]. The die-level packaging includes
wafer dicing into several individual dies, which are
consequently packaged separately or in combination
with electronic and other components in a common
package. The DLP process is long and expensive and
requires solders or adhesives to mount MEMS dies
in a package.

In the WLP process, a wafer with MEMS dies
is attached to a cap wafer, which provides a sealed
cavity for each die. The obtained structure is diced
into individual encapsulated dies. The WLP method
provides sealing of MEMS devices prior to the wafer
dicing into dies and allows using standard packages
of integrated circuits instead of expensive custom
packages.

At present, two groups of WLP methods are
used [11]. The first group utilizes eutectic and dif-
fusion bonding of wafers and their micromachin-
ing [11-16]. The technique requires high volt-
age or temperature, which can damage the MEMS

structure and cause sticking of mechanically weak
structures.

Temel et al. [17] proposed at eutectic bonding
technique implying application of Au-Sn thin films
for MEMS packaging. Au-Sn thin films were ap-
plied for the low-temperature wafer bonding using
low-thickness materials. This technique eliminates
the electroplating stage prior to deposition of Au-Sn
thin films that are required for bonding wafers and
provides less complicated and more reliable MEMS
fabrication.

Low-temperature hermetic thermo-compression
wafer-level bonding based on copper-electroplated
sealing frame [18] provides hermetic sealing and
electrical contact. It also allows for integration of
micro-structured wafers. Hermetic bonding can be
realized at 250 °C, when the gas formation is low,
hence the pressure in the cavity is lower. Moreover,
the shear bond strength exceeds 100 MPa.

The second group of WLP methods utilizes thin
films to provide surface micromachining. In con-
trast to semiconductor wafer splicing, the thin-film
encapsulation process does not require an additional
wafer and provides a higher packaging density [19—
23]. This technique has no restrictions on the total
thickness variation (TTV) and cleanness of the wafer
surface. The thin-film encapsulation process also
provides electrical bonding between the circuit ele-
ments and the packaged MEMS device. The most
important characteristic of this WLP method is the
integration of monolithic MEMS and integrated cir-
cuits, which allows placing them in a common pack-
age, thereby improving its performance and reducing
the cost.

To achieve high stability and strength of thin
film packaging technology, Epi-Seal process has
been developed [24, 25]. An abundant diversity of
Epi-Seal-based MEMS-devices demonstrates the
possibility of producing high-performance MEMS
in a single production process.

At the same time, the conventional Epi-Seal
process has design limitations such as maximum gap
between elements of 1.5 pm, inability to implement
top electrodes, etching holes should exceed 12 um.
These factors restrict the diversity of designs. Yang
et al. [26] proposed a MEMS fabrication method,
which eliminates the main design limitations of the
conventional Epi-Seal process, its main parameters
being preserved. This technique allows making gaps
between elements within 0.7-50 pm and implement-
ing both in- and out-of-plane electrodes.
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Therefore, the main limitations of the MEMS
packaging via wafer bonding are high wafer flat-
ness, small total thickness variation of 1 to 10 um,
frequent wafer fracture, and a high bonding tempera-
ture of over 300 °C. Thin-film packaging is the most
technologically and economically justified method,
since it eliminates the use of additional equipment
and reduces the dimensions and mass of the end
product. At the same time, the successful application
of thin-film packaging for the MEMS monolithic
integration requires over-coming engineering com-
plications occurring when removing massive sacrifi-
cial layers.

According to the international roadmap, in
semiconductor industry, one of the urgent tasks in
IC integration with MEMS is modification and stan-
dardization of IC-technologies in conjunction with
MEMS technologies [27, 28]. To simplify the pro-
cess of MEMS heterointegration with ICs or PICs,
the wafer-level packaging method is required that
would be a part of a common technological process
of MEMS fabrication.

The work is aimed at including packaging into
a unified technological process of MEMS fabrica-
tion by implementing standard technological opera-
tions (lithography, liquid etching, electron-beam and
magnetron deposition of metal, resistive and dielec-
tric films). This technology will reduce dimensions
and cost of MEMS devices, since they will be sealed
simultaneously with their fabrication; no additional
wafer and special equipment will be required (bond-
ing). One of the solutions is implementation in
MEMS fabrication of a frame structure represented
by a metal geodesic dome-shaped spatial frame [29].
The dome is a spherical spatial frame structure
comprised of a complex network of triangular cells
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arranged in rows. The joint triangles thus create a
self-supporting structurally strong frame.

In this manuscript we will present a novel tech-
nological process of MEMS wafer-level packag-
ing based on the frame structure with a passivating
layer having high mechanical strength. The devel-
oped method will provide monolithic integration of
MEMS with integrated circuits based on convention-
al MEMS fabrication processes.

Technology process

A developed WLP, fully integrated in the pro-
cess flow, is exemplified by a RF MEMS switch
fabrication. The latter is intended for RF-signal
switching between the elements of a monolithic IC.
The RF MEMS switch is fabricated as a copla-
nar transmission line and consists of a signal elec-
trode with a brake and two ground electrodes. Mi-
crowave signal switching is provided by imple-
menting an ohmic contact in the signal line break.
The ohmic contact is implemented by the gap-clos-
ing electrode placed on the cantilevered beam of
the RF MEMS switch and separated from the can-
tilevered beam main metallization by a dielectric
layer. The RF MEMS switch control is provided by
two driving electrodes. There is an air gap between
the cantilevered beam and driving electrodes.

Semi-insulating GaAs handle wafers with (100)
crystallographic orientation were used to fabricate
RF MEMS switches in a thin-film package. The flow
chart is presented in Figure 1. It includes such con-
ventional processes of the GaAs IC manufacture as
optical lithography, liquid etching, electron-beam
and magnetron sputtering of thin-film metals, resis-
tive and dielectric materials.

3 4 5

2
1

| ]-Gaas [ |-Copper [ ]-maP1225

Vi

6

1
[ |- Gaas [ |-cCopper [ |-maP1225[ |-sio2

d

326



Tpubopwvr u memoowl usmepeHul
2024. T. 15. Ne 4. C. 323-333
E.S. Barbin et al.

Devices and Methods of Measurements
2024,15(4):323-333
E.S. Barbin et al.

11

N I 4 ﬂlfc 7 | —— | ~
o 2 3 4 5 6
[:] - GaAs D - Copper \:] - ma-P 1225
[ ]-sio2 [ ]-sis30  [-ma-P 1240
e
9 1
14 10
S / 7 1 / /
1 2 3 4 5 0
[ ]- Gaas [ |- Copper [ |- ma-P 1225 [ ]-si02
g

11 13
i4 £
< I 7 | 7 | —— 1 2
2 3 4 5 6
1
D - GaAs D = Copper D - ma-P 1225
[ ]-sioz [ |-s1830 [ - ma-P 1240
S
9
i4 10 8
5 [ v | —— 7
2 3 4 5 6
1
[ ]-Gaas [ |-copper [ |-sio2
h

| |-Gaas [ |-copper [ |- sioz [[]-BCB

i

Figure 1 — Flow chart: ¢ — driving electrodes, signal electrodes, cantilevered beam support of RF MEMS switch; b — pho-
toresist sacrificial layer; ¢ — gap-closing electrode and SiO, dielectric layer; d — cantilevered beam main metallization;
e — RF MEMS switch structure after complete removal of photoresist sacrificial layers; f— frame structure plating;
g, h—removal of photoresist, seed, separating, and sacrificial layers; i — RF MEMS switch structure in sealed package

In Figure 1 the numbers indicate: 1— GaAs-
handle wafer; 2 — frame structure anchors; 3 — can-
tilevered beam support; 4 —driving electrode;
5 — ground electrode; 6 — signal electrode; 7 — ma-P
1225 photoresist sacrificial layer; 8 — SiO, dielectric
layer; 9 — gap-closing electrode; 10 — cantilevered
beam main metallization; 11 —S1818 photoresist
layer; 12 —ma-P 1240 photoresist sacrificial layer;
13 — S1830 photoresist masking layer for the frame
structure; 14 — frame structure plating; 15 — her-
metic sealing layer of benzocyclobutene (BCB). As
presented in Figure la, driving, ground and signal
electrodes, cantilevered beam and frame structure
anchors were formed by electron beam deposition
of metal films through the two layers of AZ-1518/
LOR20B photoresist.

The air gap between the RF MEMS switch beam
and signal electrodes was obtained by centrifugation
of the 3-um thick ma-P 1225 photoresist sacrificial
layer (Figure 15). The photoresist was dried on a hot
plate at 100 °C for 5 min and exposed to laser 3D-
lithography on a direct write lithography system to

eliminate the thickness difference between the pho-
toresist and signal and driving electrodes. The pho-
toresist was developed in a tetramethylammonium
hydroxide solution for 2 min.

Figure 1¢ depicts the formation of the copper
film gap-closing electrode and SiO, separating di-
electric layer using electron-beam sputtering through
2-um thick AZ-1518 photoresist layer with a nega-
tive slope of walls in the gap. The thicknesses of the
gap-closing electrode and the dielectric layer were
300 and 200 nm, respectively. In Figure 1d, one can
see the cantilevered beam main metallization ob-
tained by the electroplating deposition of 2-um thick
copper. The next stage included the frame structure
formation for the RF MEMS switch packaging. It
involved the deposition of the photoresist sacrifi-
cial layer and electroplating of copper for the frame
structure.

Evidently from Figure le, the masking photore-
sist for electroplating of copper consists of ma-P1240
and S1830 photoresist sacrificial layers applied onto
the RF MEMS switch beam and cantilevered beam
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main metallization. The gaps were formed in the
ma-P1240 photoresist sacrificial layer using laser
3D-lithography followed by the electroplating depo-
sition of the Ti/Cu seeding layer. Next, electroplat-
ing deposition of copper was conducted through the
gaps of the S1830 photoresist masking layer (Fig-
ure 1f). The copper deposition was conducted from
CuSO,:H,S0,:C,H;OH electrolyte with a ratio of
100:70:10 /L. At a current density of 0.1 mA/mm?,
the copper deposition velocity was approx. 0.2 pm/
min. The specific resistance of the obtained film was
0.021 pOhm m.

Photoresist masking, seeding, separating, and
sacrificial layers were removed after the frame
structure electroplating (Figure 1g, ). The copper-
plated separating and seeding layers were removed
by liquid etching in HCI:H,0:FeCl, (1:10:1) solu-
tion. NH,F:HCI:H,O (1.5:100:10) solution was used
for Ti thin film etching. These etchants demonstrate
high selectivity during the etching process. Photore-
sist masking layers were removed by N-Methylpyr-
rolidone (NMP) followed by washing in isopropyl
alcohol and drying with nitrogen. The drying and ex-
amination of the sacrificial layers and the wafer were
followed by the ultimate stage (Figure 17). The spin
coating of 7-um thick BCB on the frame structure
provided the sealing of the RF MEMS switch. Then,
we used photolithography to disclose the contact
grounds of the RF MEMS switch. The coated BCB
sealing layer was then dried at 250 °C for 20 min.
The fabricated sealed RF MEMS switch structure is
presented in Figure 1i.

We should note that on the packaging of all the
elements on the wafer, the hardening occurs after the
formation of the street, which causes no global warp-
ing of the plate.

Modeling

Several samples of the following type were used
for The main purpose of the package frame layer is
mechanical support of the upper layer of the sealing
material. Moreover, the frame layer should possess
the structure that would allow unhindered removal
of the sacrificial photoresist layer. Consequently, the
layer structure should be impenetrable for the sealant.
The combination of such properties can be achieved
by using a spatial frame from electroplated thin cop-
per film. The frame structure was built as a geodesic
dome comprised of several rows of triangular cells.
The variations of the frame structure geometry are
presented in Figure 2.
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Figure 2 — Round (a) and square (b) geometries of the
frame structure

Geodesic domes conventionally have round
base (Figure 2a), so they experience less stresses.
For the sake of comparison, we considered a frame
with a square base (Figure 2b). The frame structure
was researched using a finite element method (FEM)
in the COMSOL. The frame structure was attached
to the outer perimeter of the structure. When design-
ing the structure and defining its geometric parame-
ter, the applied load was equal to the BCB-layer with
a thickness of 5 pum multiplied by a coefficient 1.7 at
normal conditions which accounts for additional
stresses due to the shrinkage and BCB-layer thick-
ness error. The modeled layer thickness is 8.5 pm.
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Afterwards, due to the hardening of the BCB-layer,
it becomes self-supporting. As a result, the structure
strength increases due to the metallic frame and self-
supporting BCB-layer.

The height of the frame structure at its maxi-
mum point was determined by the thickness of the
photoresist sacrificial layer. The thickness of sacrifi-
cial layer between of RF-switch and frame structure
is 8 um. Obviously from Figure 3, the round frame
structure is more rigid than the square frame struc-
ture having the same maximum cell size.
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Figure 3 — Stress and deformation of round (a) and
square (b) frame structure

The FEM was used to model the stress-strain
state of the round frame structure with varying num-
bers of rows of triangular cells (Figure 4).

As presented in Figure 4, the stress-strain state
of the round frame structure significantly changes
depending on the number of the rows of triangu-
lar cells in the frame structure. Frame structures
with 5 or more rows are acceptable because the
stress in structure does not exceed a yield strength
for copper of 70 MPa. For frame structure of 5 rows
of triangular cells maximum deformation under the
applied loads equal no more than 0.2 um and frame
structure will not contact the RF MEMS switch.
In addition to the mechanical support, the frame
structure configuration must provide free NMP

penetration to remove the ma-P1240 photoresist sac-
rificial layers. At the same time, the frame structure
must be impermeable to the BCB sealing material.
The cellular frame structure can satisfy these require-
ments by an appropriate selection of the cell size,
viscosity of the remover and sealing layer. The opti-
mal size of the triangular cell of the frame structure
should be selected by mathematical simulation.
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Figure 4 — Stress analysis of the frame structure de-
pending on the number of rows of triangular cells. a — 2
rows of triangular cells; b—3 rows of triangular cells;
c—5 rows of triangular cells; d — 10 rows of triangular
cells
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Figure 5 presents a 2D-model of an elementary
frame structure element which shows penetration
of BCB into the frame structure. Figure Sa shows

Timwe 0.1 s, Surface: Volume fraction of fluid
Contour: Volume fraction of fluid

0 10 20 30 W 50 e 70 80 0
wm

a

Frame layer

the simulation result of the distribution of BCB
fractions and air fractions after BCB layer coating
on the framework layer.

Time 10 5. Surface: Volume fraction of fluid
Contour: ¥olume fraction of fluid

pum
13

0 1w 20 30 40 50

um

b

B0 0 80 90

Figure 5 — Distribution of benzocyclobutene — fractions and air fractions on the framework layer: a — result after 0.1 s;

b —result after 10 s

Starting from 0.1 s (Figure 5a), there is an evi-
dent penetration of BCB into the frame structure.
After 10 s (Figure 5b), the penetration of BCB sta-
bilizes; there is no penetration under the dome due
to surface tension of BCB. Therefore, BCB fills the
frame cells, but cannot reach the RF-switch structure.
Figure 6 depicts the simulation of NMP penetration
through the frame structure for sacrificial layer re-
moval.

Time 10 s. Surface: Volume fraction of fluid

pm Contour: Volume fraction of fluid

15
10 N-Methylpyrrolidone
53
0 L |
Air
5

0 10 20 30 AV "6 0 s 90

rame layer LM
Figure 6 — Volume fractions of remover and air after 10 s
of remover deposition

Figure 6 present the moment of time (10 s af-
ter) when the NMP completely penetrated under the
frame structure and substituted air. Therefore, the
optimal cell size at which NMP penetrates with non-
penetrating BCB equals 30 um. The optimal size of
a triangular cell is the maximum gap that equals the
median of an isosceles triangle of the cell itself.

The mathematical simulation shows that the se-
lected frame configuration meets the requirements
for the package frame structure and can be used to
remove the photoresist sacrificial layers followed
by the RF MEMS switch packaging. The photomi-

crograph in Figure 7 presents the RF MEMS switch
packaging fabricated by this technology. Figure 7a
corresponds to the technological step in Figure 14.

100 pm

RAITH150™°
DmECT WRITE
Mag=_ 200X

Signal A = SE2
User Name = Y15

Figure 7 — Photomicrograph of the RF MEMS switch
packaging: a —with frame structure; b — without frame
structure; 1 — cantilevered beam; 2 — signal line; 3 — frame
structure; 4 — driving electrode; 5 — anchors
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Figure 8 shows the frame structure with sacrifi-
cial layer of ma-P 1240.

Figure 8 — The
of ma-P 1240

frame structure with sacrificial layer

After the removal of the seeding and sacri-
ficial layers, the frame structure is hermetized
(for liquid) by the BCB layer and the gaps in the
BCB layer are opened to provide an access to the
electrical contacts of the RF MEMS switch. The
scattering parameters of the RF MEMS switch ob-
tained before and after its packaging are presented
in Figure 9.

According to Figure 9, the RF MEMS switch
parameters decrease by 6.1 dB in the on state, while
in the off state, they increase by 4.9 dB. This is
explained by the wave reflection from the three-
dimensional metal frame structure.

0 5 10 15 20 25 30 35 f,GHz
-10
-20 e i
-30
—— S11 before packaging — — S11 after packaging
— .- 821 before packaging — - -S21 after packaging
-40
dB
a
5 10 15 20 25 30 35 f,GHz
e M My A DR S e
-10
-20
T T P e O O 0

b

—S11 before packaging — —S11 after packaging
— .. S21 before packaging — - =S21 after packaging

Figure 9 — S-parameters of the RF MEMS switch: a — on state; b — off state

The following parameters were obtained for the
RF MEMS switch: average contact resistance of 2.46
Ohm on a semiconductor wafer; switch-on time of
80 us; control voltage of 25 V.

Conclusion

The proposed novel wafer-level packaging tech-
nique is completely compatible with the MEMS
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production technology without the use of specific
materials and equipment. The use of the three-di-
mensional metal frame structure as a mechanical sup-
port for the frame structure allowed fully removing
the photoresist sacrificial layers with the successive
RF MEMS switch packaging.

The proposed RF MEMS switch packaging
allows serial production of GaAs integrated circuits,
including radio frequency switches, in a single tech-
nological process, which widens the frequency range
of GaAs RF integrated circuits. The comparative
analysis showed that the proposed RF MEMS switch
fabrication implementing electroplating deposition
of copper can compete with its rivals based on the
electroplating deposition of gold. The presented tech-
niques were used to achieve the high performance of
the RF MEMS switch and can also be applied in the
production of high-resolution MEMS sensors, such
as gyroscopes, accelerometers, high-quality resona-
tors and hybrid optical MEMS. Evidently from the
comparative analysis of various crystal packaging
technologies such as wafer-level packaging and die-
level packaging, the technology suggested by us is
cheaper and simpler, since it requires no additional
evacuation equipment.
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