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Abstract—Nanoelectromechanical (NEM) switches have near
vertical turn-off transient, zero off-state leakage, and non-
volatile behavior, ideal qualities for low power computing and
memory applications. To realize this potential, large-scale in-
tegration of NEM switches is required. Here we introduce a
three-dimensional (3-D) heterogeneous integration platform that
leverages a standard silicon-on-insulator (SOI) CMOS foundry
process, combined with post-processing of the foundry wafers
to integrate silicon NEM switches. Within this platform, we
seamlessly integrated both volatile 3-terminal (3-T) and non-
volatile 7-terminal (7-T) NEM switches. We demonstrate success-
ful electrical programming and reprogramming of both switch
types, validating the platform’s functionality and its potential for
constructing densely integrated NEM switch-based logic circuits
and non-volatile memories.

Index Terms—Nanoelectromechanical switch, NEM comput-
ing, NEM memory, heterogeneous 3-D integration.

I. INTRODUCTION

NANOELECTROMECHANICAL (NEM) switches offer
unique benefits, including a nearly vertical switching

slope and zero off-state leakage [1], [2], making them highly
energy-efficient alternatives to CMOS circuits in specific ap-
plications like edge computing [3]–[5]. The use of NEM
switches has been explored in CMOS power gating [6], [7],
field programmable gate arrays (FPGAs) [5], [8], [9], energy
efficient look-up tables (LUTs) [10]–[12], and memory devices
[13]–[15], all benefiting from reduced static power dissipa-
tion. However, challenges in scaling NEM-switch circuits for
manufacturing in standard CMOS foundries and implementing
dense interconnects in practical systems have limited their
industrial adoption [3], [16], [17]. Prior research has explored
utilizing the 3-D metal interconnect layers, such as aluminum
[3] and copper [14], [15], [18]–[20] in the CMOS back-
end-of-line (BEOL) as both the structural material and the
routing paths for NEM switches. A detailed comparison of
integrated NEM switches can be found in our recent work [21].
However, this approach faces reliability issues due to material
fatigue, curling of metallic structures, residual stress gradients,
and thermal budget constraints [22]. Furthermore, the switch
designs are often restricted to straight cantilevers, as more
functionally geometries, like curved structures, are difficult
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Fig. 1. (a) Cross-sectional schematic of the 3-D heterogeneous integration
approach. (b) 3-D schematic of an integrated 7-T NEM switch after e-beam
patterning.

to achieve within BEOL constraints. By contrast, mono-
crystalline silicon (Si) NEM switches offer improved long-
term stability due to the superior material quality of Si [23]–
[25], and greater design flexibility via in-plane lithographic
patterning [26]. Currently however, most Si NEM switches are
fabricated on SOI substrates without multi-layer interconnects,
restricting routing to one single layer (e.g. Si device layer)
and impeding the realization of complex logic circuits [17],
[23]. We recently reported monolithic integration of Si NEM
switches and BEOL interconnects in an SOI foundry process
[17], [21]. However, this approach has severe limitations in
the achievable NEM switch integration density and routing
flexibility, as switches cannot be vertically stacked with in-
terconnects. 3-D integration, with enhanced routing densities
through vertical stacking of the interconnect layers and the
NEM switches, holds great potential for implementing large-
scale Si NEM circuits [5], but has yet to be realized. Here,
we introduce a 3-D heterogeneous integration approach that
leverages an existing SOI CMOS foundry process (illustrated
in Fig.1a). With this approach, we demonstrate integrated
3-terminal (3-T) and 7-terminal (7-T) NEM switches with
volatile and non-volatile functionilities. This architecture en-
ables vertical stacking of Si NEM switches above BEOL
interconnects, enhancing routing density and device count,
thereby opening new avenues for constructing high-density
NEM logic circuits and non-volatile memories.
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Fig. 2. (a) Cross-sectional SEM image of a bonded and thinned wafer,
showing the oxidized Si substrate at the bottom, and the transferred layers
from SOI CMOS foundry wafer with metal interconnects on the top. The
inset highlights the Si device layer of the SOI CMOS substrate. (b) Image of
a 150 mm diameter wafer with the transferred layers, before dicing and NEM
switch patterning.

II. 3-D HETEROGENEOUS INTEGRATION APPROACH

To validate the proposed 3-D heterogeneous integration
platform for implementing integrated NEM switches, we used
150 mm foundry wafers from a mature SOI CMOS technology
node (XI10, XFAB, Germany), featuring a standard 3-level
BEOL interconnect stack (Fig.1a(i)). The wafer comprises,
from bottom to top: a Si handle layer of the SOI wafer,
a 1 µm-thick buried oxide (BOX), a 250 nm-thick mono-
crystalline Si device layer (the layer which typically hosts the
CMOS transistors), the BEOL metallization, a PECVD SiO2

dielectric stack serving as the sacrificial layer for the release
etch, and a SiO2 passivation layer. The CMOS foundry wafer
was bonded with its top surface against an pre-oxidized Si
substrate (double-side polished, DSP) using low-temperature
adhesive wafer bonding (Fig.1a(ii)). This bonding method,
chosen for its simplicity and insensitivity to defects, interface
contaminants and particles at the bond interface [27]–[29],
uses a 520 nm-thick Benzocyclobutene (BCB) polymer layer
that was spin-coated on the foundry wafer as intermediate
adhesive layer. The BCB was soft-baked at 100 °C for 2 min
to remove volatile components, then pre-cured at 160 °C for
3 min (Fig. 1a(i)), while the target substrate was pre-baked at
100 °C for 2 min. The wafers were then aligned and bonded in
vacuum using a CB8 wafer bonder (SussMicroTec, DE). In this
process, a bond force of 6 kN was applied to the wafer stack as
the bond chuck temperature was ramped up to 250 °C over 30
min, held for 1 h, and then cooled to room temperature over 30
min, thereby fully curing the BCB adhesive. Post-bonding, the
Si handle layer was etched away by reactive ion etching (RIE)
using SF6 plasma (Fig.1a(iii)). The oxidized Si target wafer
(2.8 µm-thick thermal SiO2) protected the bonded structure
during etching, while the BOX layer acts as an effective
RIE etch stop to preserve the device layer. Following handle
layer removal, we used mask-less laser lithography (MLA 150,
Heidelberg Instruments GmbH, DE) to define the areas where
the BOX layer would be opened. A subsequent buffered HF
(BHF) etch removed BOX in exposed areas, granting access
to the underlying Si device layer (Fig.1a(iv)).

To visualize the transferred layer stack after wafer bonding,

handle layer thinning and the BOX opening step, we cleaved
a substrate sample and imaged the wafer cross-section using
scanning electron microscopy (SEM) (Fig.2a), showing the
layer stack, including the oxidized Si substrate, the BCB layer,
the metal interconnects embedded within the dielectric layers,
the Si device layer, and the BOX layer, arranged from bottom
to top. A full 150 mm diameter wafer with the transferred
layers, following the steps shown in Fig.1a(iv), is depicted in
Fig.2b. For ease of process development, the 150 mm wafer
was diced into 2 cm × 2 cm chips, which were used for
subsequent fabrication steps. After dicing, we patterned the
NEM switches in the Si device layer using electron beam
lithography (EBL, Raith Voyager system, Raith GmbH, DE)
with a positive-tone resist (AR-P 6200.09, Allresist GmbH,
DE), followed by an RIE process to define the NEM switch
structures in the Si device layer (Fig.1a(v) and Fig.1b). The
structures were then released in a two-step etching process
(Fig.1a(vi) and (vii)). First, a 2 min BHF wet etch partially
removed the sacrificial SiO2 layer. This was followed by
a time-controlled vapor-phase hydrofluoric (vHF) etch using
an Orbis Alpha system (MEMSSTAR, UK) carried out at
18 Torr for 2 min, to fully suspend the movable beams.
Typically, vHF etching is preferred to avoid stiction during
NEM release [30], [31]. However, vHF is highly sensitive
to the quality and density of the SiO2 layers involved. Low-
density or doped SiO2, commonly used in BEOL dielectrics,
can exhibit surface roughness, porosity, and pinholes after
vHF etching (see Fig.3c). In contrast, BHF wet etching does
not cause the same damage but increases the risk of stiction.
Our combined BHF-vHF release process mitigates both issues,
enabling stiction-free release while minimizing vHF-induced
damage to the SiO2 layers.

Using this process, we fabricated 3-T and 7-T NEM
switches (see Fig.3a and Fig.3b, imaged after Si etching). The
designs are based on our previous works [5], [17], [26], which
have been further miniaturized and adapted to the foundry
substrate used in this study. Detailed switch dimensions are
provided in Table I. Both 3-T and 7-T designs were configured
such that their suspended parts are released at a 400 nm
undercut in the underlying SiO2. Optical inspection following
the final release step confirmed an undercut of approximately
800 nm, which was uniform across the entire chip, with no
observable bending or stiction issues. Fig.3d reveals the under-
lying metal interconnect lines and the anchor vias connecting
the metal lines to the switch terminals.

III. DESIGN AND CHARACTERIZATION OF THE
INTEGRATED NEM SWITCHES

To demonstrate the NEM switch integrity and functionality,
we electrically characterized the fabricated switches after
suspension. The volatile 3-T NEM switch features a drain
(D0), a gate (G0), and a movable beam attached to the source
(S0) (Fig.3a); the non-volatile 7-T NEM switch features two
drains (D1 and D2), two combined gate terminals (G1 and G2),
and a bistable circular beam attached to the source (S) (Fig.3b).
The switch terminals are electrically connected to probe pads
through the BEOL metallization routing layers of the SOI
CMOS process. We performed the electrical measurements by
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Fig. 3. SEM image of (a) the 3-T NEM switch and; (b) the 7-T NEM switch
before release etch (Fig.1a(v)). (c) SEM image of the porous SiO2 surface
due to vHF etch damage. (d) Microscope image of a 7-T NEM switch with
visible metal interconnect lines.

TABLE I
DIMENSIONS OF THE 3-T AND 7-T NEM SWITCHES

Parameters Symbol 3-T 7-T
Hinge width (nm) wH 250 170

Tip gap (nm) gt 170 170
Gate gap (nm) ga 260 270

Switch length (µm) ls 17 11.5

directly probing the pads in an Argon environment under hot-
switching conditions.

A. Volatile 3-T NEM Switch

To actuate the 3-T NEM switch, we applied a constant volt-
age (VD = 5 V) to D0 while grounding S0 (Fig.3a). The gate
voltage (VG) was then ramped from 0 V to 20 V. The switch tip
contacted D0 at the pull-in voltage (Vpi), resulting in a current
flow (Ids) through the drain and source, limited to 1 nA. As the
voltage ramped back down, the beam disconnected from the
drain at the pull-out voltage (Vpo). Fig.4a shows experimental
results for an integrated 3-T NEM switch. The device exhibited
volatile switching for two cycles before stiction occurred. In
the 1st cycle, the measured Vpi and Vpo were 18.3 V and 12.8
V, respectively. In the 2nd cycle, Vpi increased to 23.9 V and
Vpo decreased to 5 V. This change indicated rapid deterioration
of the Si-Si contact interface, leading to the contact resistance
increasing and poor endurance. Introducing a dedicated contact
coating is a potential approach to mitigate these issues [32].

B. Non-volatile 7-T NEM Switch

For the 7-T NEM switch, the bistable beam can be actuated
in two directions: counterclockwise towards D1 (state “0”)
by applying a voltage on G1 (VG1), or clockwise towards D2
(state “1”) by applying (VG2). A constant voltage of Vd1 =
Vd2 = 5 V is applied to D1 and D2, while grounding S.
From the neutral position, we first programmed state “0”
by ramping VG1 from 0 V to 17 V. The source contacted
D1 at the 1st programming cycle when Vpr = 10.4 V (Fig.
4b). After removing the gate voltage, the source remained in
contact with D1, demonstrating non-volatile behavior. Next,

Fig. 4. Experimental results showing: (a) Pull-in and pull-out characterization
of a volatile 3-T NEM switch, showing two consecutive cycles; in the
1st cycle, pull-in occurs at 18.3 V and pull-out at 12.8 V. (b) The first
programming cycle and (c) the second reprogramming cycle of a 7-T NEM
switch. (d) First-cycle pull-in voltage of five 7-T NEM switches.

we maintained the same settings on the drain and source
terminals and ramped VG2 from 10 V to 38 V. Fig. 4c shows
the transition from state “0” to state “1” at the reprogramming
voltage Vre = 18.6 V, where the source disconnected from
D1 and immediately connected with D2. Out of the five 7-
T NEM switches that we measured, three were successfully
programmed and sub-sequently reprogrammed for one cycle
before permanent stiction occurred. The remaining two 7-T
devices experienced stiction failures after the 1st actuation
cycle, due to degradation of the Si-Si contact. The first-cycle
programming voltages of all measured 7-T NEM switches was
relatively stable, within a range of 9.9 ± 1.2 V (Fig. 4d).

IV. DISCUSSION AND CONCLUSION

Here we reported a 3-D heterogeneous integration approach
using SOI CMOS foundry wafers to address critical scalability
and routing challenges for NEM switches. With this approach,
we demonstrate vertical stacking of both volatile and non-
volatile NEM switches on top of a multi-layer metal intercon-
nect stack, enabling large-scale integration with high routing
density between the NEM switches. The NEM switch output
nodes and actuation terminals are routed through standard
metal interconnect layers, thereby enabling future integration
of NEM switches with CMOS logic using the same inter-
connect stack. It should be noted that, in the present imple-
mentation, the Si-Si contact results in high on-resistance and
limited cycling reliability. The on-state resistance of the switch
is estimated to be on the order of 100 kΩ to 1MΩ and a contact
coating is important both to reduce it and mitigate stiction-
induced failure [21]. Contact reliability is a known challenge
in NEM switches and promising contact materials for use with
our heterogeneous 3-D integration platform include ruthenium
(Ru) [32] and carbon-based contacts such as nanocrystalline
graphite (NCG) [23]. For example, Ru contacts can be added
using a lift-off process [32] to the BEOL switch fabrication in
our heterogeneous 3-D integration method to improve NEM
switch reliability and performance.
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