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number of devices per area, but does not 
improve the power efficiency of an indi-
vidual device. The advent of the internet 
of things has generated increased demand 
for ultralow power systems. A number of 
emerging technologies are being devel-
oped as ways to augment or replace CMOS 
for various computing applications. Some 
of these technologies include: resistive 
memory,[3,4] phase change memory,[5,6] 
magnetoresistive memory,[7,8] and ferro-
electric field effect transistors.[9,10] A key 
feature common to these technologies 
is nonvolatility,[11] which is the ability of 
a device to hold its state without a power 
supply. These emerging memories suffer 
from their limited difference in resistance 
between the ON and OFF states (ON–OFF 
ratio). A low ON–OFF ratio poses a great 
challenge toward cascading long arrays of 
devices in memory intensive applications 
because the sensing margin is poor during 

the read operation. Furthermore, the nonzero OFF current leads 
to high leakage, resulting in greater static power consumption.

MEMS-based mechanical relays, another emerging tech-
nology, have a large ON–OFF ratio due to the near zero leakage 
off state associated with an open mechanical contact.[12] MEMS 
relays have been demonstrated as nonvolatile devices as well,[13] 
but a major bottleneck to the adoption of mechanical relays 
is their scalability to cell sizes that are comparable to state-of-
the-art CMOS devices. Common MEMS relays use a flexure,[14] 
which limits scalability due to material limits and anchor sizes. 
We earlier reported a 11 µm × 1.5 µm nonvolatile mechanical 
actuator based on the volumetric expansion of GeTe phase 
change material.[15] This reversible volume expansion can be 
used to directly close an air-gap, eliminating the need for flex-
ures and making for an inherently highly scalable device. A pro-
totype nonvolatile device was then presented.[16] Here we report 
the detailed design and demonstration of a smaller device  
(3 µm × 1 µm) and a family of nonvolatile relays. These results 
demonstrate a path to scaling a MEMS relay with smaller area 
and lower voltage than a future foreseeable CMOS transistor.

2. Device Operation and Results

2.1. Operating Principle

The Phase Change NEMS relay (PCNR) is designed to address 
the limited scalability of existing MEMS relay designs while 
continuing to use mechanical contacts for a high ON–OFF 
ratio and while maintaining nonvolatile states. The PCNR takes 

The design, modeling, and experimental validation of a highly scalable phase 
change electromechanical relay are present. The Phase Change NEMS Relay 
(PCNR) is a nonvolatile mechanical relay actuated by the volumetric expan-
sion of phase change material. GeTe is used as the active phase change 
material, and nonvolatile relay states are changed by converting it between 
amorphous and crystalline phases, which differ in volume by 10%. Phase 
conversion is induced by Joule heating an adjacent metal layer. Finite element 
analysis (FEA) models are developed to predict actuator temperature distribu-
tions and quench times for varied actuation pulses. Additional models are 
developed to simulate actuator deflection including reflow of molten phase 
change material during an actuation pulse. The smallest fabricated device 
has a heater footprint of 3 µm × 1 µm, with a 20 nm air-gap. The FEA model, 
which calculates the actuation voltage, energy, and ON–OFF current ratio for 
this device to be 1.1 V, 42 nJ, and 108, respectively, are experimentally verified. 
A PCNR scaled down to a 15 nm × 5 nm heater footprint with a 2 nm air-gap 
is predicted to actuate at 400 mV and 1.7 pJ.
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1. Introduction

Over the last five decades, complementary metal oxide semicon-
ductors (CMOS) have dominated all aspects of computing from 
logic to memory by aggressively reducing transistor size. The 
associated advances have led to the complex, high speed, and 
efficient computers of today.[1] With each process node, such 
scaling becomes more demanding and is expected to reach its 
limit around the year 2028.[2] Further increase in CMOS func-
tionality will be achieved through 3D integration, where devices 
are fabricated on more than one layer. This increases the 

The ORCID identification number(s) for the author(s) of this article 
can be found under https://doi.org/10.1002/aelm202200085.

© 2022 The Authors. Advanced Electronic Materials published by 
Wiley-VCH GmbH. This is an open access article under the terms of 
the Creative Commons Attribution-NonCommercial-NoDerivs License, 
which permits use and distribution in any medium, provided the original 
work is properly cited, the use is non-commercial and no modifications 
or adaptations are made.

Adv. Electron. Mater. 2022, 2200085

http://crossmark.crossref.org/dialog/?doi=10.1002%2Faelm.202200085&domain=pdf&date_stamp=2022-04-09


www.advancedsciencenews.com
www.advelectronicmat.de

2200085  (2 of 10) © 2022 The Authors. Advanced Electronic Materials published by Wiley-VCH GmbH

advantage of the mechanical expansion of phase change mate-
rial (PCM), which occurs when converting between the amor-
phous and crystalline states (see Figure 1). Figure  1a shows  
a schematic and Figure  1b shows a scanning electron micro-
scope (SEM) image of a fabricated device. The PCNR consists 
of two main components, the contact pair and the PCM actu-
ator. The contact pair is formed by a pair of suspended drain 
and source contacts and a metal bonded to the top surface of 
the actuator. The metallic contact lies on the top surface of the 
actuator (Figure 1a,b) and acts as a channel to bridge the drain 
and source when in the ON state. The actuator is comprised 
of a resistive heater, a layer of PCM, and an encapsulation for 
the PCM (Figure 1d). The actuator expands and contracts as the 
PCM is converted between the crystalline (smaller) and amor-
phous (larger) states. Although other phase change materials 
are candidates for the PCNR actuator, GeTe is chosen due to its 
documented 10% volume change,[17] and its ability to retain its 

amorphous state at higher temperature than most commonly 
used PCM, such as Ge2Sb2Te5 (GST).[18,19] All metal layers con-
sist of tungsten. With GeTe’s high melting temperature ( mT

GeTe ),  
tungsten endures the actuator’s high temperature operation. 
The encapsulation layers of the PCM are formed by Al2O3, 
which is deposited conformally by atomic layer deposition.

Figure  1d,e demonstrates the switching mechanism of a 
PCNR in a schematic cross-section. The PCNR is fabricated in 
the OFF state with the PCM in the crystalline (smaller volume) 
state, which allows for the air-gap to be set by sacrificial mate-
rial (air-gap region in Figure 1d). The gap is sized to ensure that 
the expected thickness change in the PCM layer is sufficient to 
make contact between the source and drain. A current pulse is 
applied to the heater to switch to the ON state, which in turn 
melts a portion of the PCM. After the pulse, the PCM cools and 
quenches into the amorphous state. A quench is considered 
sufficiently fast when the time for the PCM to cool from mT

GeTe  

Figure 1.  Phase Change NEMS Relay concept showing: a) a schematic cartoon of the device. Two major components of the relay are the actuator and 
the metal contact pair. The metallic channel connects the drain and source in the actuated state. b) A labeled SEM top-view of a fabricated PCNR.  
c) A TEM image of the A-A′ cross section shows the architecture and the materials. d,e) Schematic cross-section before and after actuation, respectively. 
GeTe is in the crystalline, high-density state in the as-fabricated device. (d) An actuation pulse turns GeTe into amorphous state, which closes the air-
gap as depicted in (e). Phase transformation occurs when appropriate current pulse is applied on the heater.
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(1000 K for GeTe) to the glass transition temperature (500 K) is 
less than 100 ns.[20] If cooled at a slower rate, the PCM will crys-
tallize and the relay will not switch. The expanded PCM in the 
actuator presses the metallic contact into the drain and source, 
bridging the two contacts (Figure 1e).

A similar process returns the PCNR to the OFF state. 
Another pulse heats the PCM and the rise in PCM tempera-
ture facilitates rapid crystallization of any amorphous portion. 
Unlike the switching ON process, the PCM need not be melted 
to turn the relay OFF. Hence, we apply a lower power pulse for 
recrystallization. Also, a longer pulse is preferred as it ensures 
complete recrystallization of the PCM. As a result, the crystal-
line PCM contracts and separates the metallic contact from the 
drain and the source, once again creating an air-gap, turning 
the relay OFF. The switch ON and OFF pulses are also called 
actuation and recrystallization pulse, respectively.

2.2. Finite Element Modeling

The primary goal for modeling the PCNR actuator is to pre-
dict the temperature distribution and expansion in the actuator 
for a given actuation pulse. The thermal model also estimates 
quench time, which is a critical parameter for successful actua-
tion. We develop two separate models of the PCNR in COMSOL 
Multiphysics finite element analysis (FEA) software—one com-
bines the actuator electrical and thermal physics in a 3D electro-
thermal model, while the other simulates mechanical actuation 
in a 2D cross-section. The two separate models greatly reduce 
computational complexity compared to a unified setup. Details 
of the simulation setup and material properties are discussed in 
the Experimental Section and in the Supporting Information.

Figure 2 demonstrates the simulation setup and results 
extracted from COMSOL. Figure 2a shows PCNR geometry and 

Figure 2.  a) A representative PCNR device for electrical and thermal COMSOL simulation. B-B′ cross-section at the center of the heater includes the 
most contributing layers for thermal transport. b) Simulation results show the progression of molten GeTe during an actuation pulse and subsequent 
quench progression. t is set to 0 at the beginning of the quench. c,d) Maximum surface and volume temperatures in the GeTe during met and quench, 
respectively. The fast quenching step is necessary for successful phase transformation. e,f) Mechanical COMSOL simulation results for 200 nm thick 
molten GeTe showing (e) the pressure and (f) the maximum vertical displacement generated by the molten GeTe as a function of cap thickness and 
molten GeTe width. The high displacement region (right side of the white dashed line) in (f) provides the acceptable combinations of PCM width and 
cap thickness for optimum displacement. The star represents the combination with maximum displacement.
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corresponding cross-section used for modeling the melting and 
quenching progressions, respectively, in the actuator. Cross- 
sections in Figure 2b show molten sections of the PCM at var-
ious times during an actuation pulse from the OFF to the ON 
state. The plots highlight regions at temperatures above mT

GeTe .  
Time for melt progression starts at the initiation of an input 
electrical pulse. By t = 150 ns, the PCM closest to the heater 
begins to melt as it has the lowest thermal resistance to the 
heater. The molten section of PCM progresses up and out-
ward from the center of the heater. A sufficient actuation pulse 
will melt the PCM through the entire thickness as depicted at  
t = 300 ns and t = 500 ns. We turn off the input pulse at t = 500 ns  
and reset the clock to measure quench time. PCM solidi-
fies from the bottom up as lower sections of PCM have lower 
thermal resistance to the substrate. Most of the PCM solidifies 
within first 30 ns. We plot the maximum temperature of the 
PCM and its top surface as a function of time in Figure 2c,d. 
The temperature versus time trend can be seen to flatten 
around mT

GeTe  due to latent heat of transformation. As expected, 
the top surface melts last but retains heat longer than any other 
part of the PCM. However, the entire PCM block, including 
the top surface, solidifies within the first 100 ns of quenching, 
resulting in amorphous GeTe.

Mechanical modeling is separate from the electrical and 
thermal modeling as the main goal is to determine the possible 
vertical deflection from a given geometry of the PCNR actuator. 
The actuator is designed to confine molten PCM within a cap 
layer to ensure that the volumetric expansion of GeTe leads 
to a vertical expansion. Proper estimation of this expansion is 
required to determine the air-gap thickness of the relay.

As evident from the electrothermal model, only the region of 
PCM directly over the heater reaches mT

GeTe  and is surrounded 
by solid PCM (Figure  2b, 500 ns). Hence, the molten PCM 
width is assumed to be the same as the heater width. We sweep 
this parameter from 500 nm (lower bound for optical lithog-
raphy) to 2 µm to see its effect on the expansion of the actuator. 
By contrast, a thick encapsulation layer may be better suited 
for confining the liquid PCM, but will limit the expansion. We 
sweep the cap layer thickness from 10 to 100 nm. Figure  2e,f 
shows the resulting pressure and displacement, respectively; as 
a function of the cap thickness and molten PCM width for a 
200 nm thick GeTe PCM layer. We find that the vertical displace-
ment is slightly larger than 10% of the film thickness because 
reflow of the PCM in the liquid phase focuses the expansion to 
the center of the actuator. Pressure in the liquid GeTe and the 
displacement are relatively insensitive to the geometry until the 
cap layer becomes very stiff. As a result, most combinations of 
the two input parameters yield a displacement above 30 nm. 
Thick cap layers with narrow PCM widths create a significantly 
stiffer cap, as depicted in the top left corner of Figure  2f (left 
side of the white dashed line).

The encapsulated liquid PCM is comparable to a rectangular 
pressure vessel with two sides constrained by solid PCM and 
the bottom is constrained by the substrate. The encapsulation 
layer is deformed by the vertical expansion of the liquid PCM. 
The expansion in a typical pressure vessel is inversely propor-
tional to the thickness of its wall. However, when the wall is sub-
stantially thin compared to the radius of the vessel, a geometric 
nonlinear effect reduces the overall expansion.[21] This effect is 

evident in Figure  2f as a peak for maximum displacement is 
obtained at a cap thickness around 30 nm for the device dimen-
sions used in this simulation. For walls thicker than 30 nm,  
we observe lower displacement, as expected. When this layer is 
thinner than 30 nm, it is subjected to large deformation due to 
the 10% volume expansion of the PCM. Under the geometric 
nonlinear assumption, this large deformation significantly 
increases the stiffness of the deformed part of the cap layer. As 
a result, very thin cap layers produce less displacement than the 
30 nm layer. It should be noted that this optimum cap thick-
ness is strongly related to cap material properties, PCM thick-
ness, and the width of the molten PCM region. For our current 
fabrication process, we use 30 nm Al2O3 as the cap layer for  
200 nm thick PCM.

2.3. Scaling

The relays designed for initial proof of concept fabrication 
are large compared to the envisioned final form of the PCNR. 
Two scaling methods are developed to bring the PCNR to an 
equivalent CMOS scale device. The first is isotropic in which 
all dimensions (length, width, and thickness) are scaled 
equally. The isotropic scaling parameter (KV) indicates how 
many times smaller all dimensions are compared to the nom-
inal geometry. For example, an isotropic scaling parameter of 
10 indicates all dimensions are ten times smaller. The second 
method is lateral where layer thicknesses are held constant 
and lateral dimensions (length and width) are scaled equally. 
The lateral scaling parameter (KL) indicates how many times 
smaller all lateral dimensions are compared to the nominal 
geometry. Volumetric scaling factor stops at 10 as this reduces 
the air-gap to 2 nm. Smaller air-gaps are likely impractical 
due to field emission or tunneling leakage. Further lat-
eral scaling can shrink the heater down to dimensions of  
15 nm (length) × 5 nm (width) × 5 nm (thickness). Compared 
to the nominal geometry, area is reduced by a factor of 40 000, 
heater voltage is reduced by a factor of 3, quench time is 
reduced by a factor of 40, and actuation energy is reduced by 
four orders. At the smallest heater size, the PCNR will occupy 
an area and operate at an actuation voltage that are each lower 
than current CMOS technology nodes.[1,2] Table S1 of the Sup-
porting Information summarizes a nominal geometry, and its 
volumetric and lateral scaling trends.

2.4. Experimental Demonstration

To validate the device concept and the modeling approach and 
support the theory associated with device scaling, microscale 
prototypes are fabricated and tested (see the Experimental 
Section for detailed fabrication process). The FEA results 
provide a valuable guideline for selecting the amplitude and 
duration of the input actuation pulse, but are not expected 
to precisely represent fabricated relays. These parameters 
are then adjusted to actuate fabricated relays. The switching 
and contact characteristics of these devices are measured 
from experimental results, and are reported in Sections 2.4.1  
and 2.4.2, respectively.
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2.4.1. Characterization of the Switching Pulses

One switching cycle of PCNR involves an actuation pulse and 
a recrystallization pulse. With the FEA model as a starting 
point, the pulses are calibrated using PCNR actuators. These 
are devices fabricated without the drain and source contacts, 
which leave the actuation area visible for optical imaging. For 
actuation, we adjust the amplitude of the pulse until a dark 
spot appears in the actuator, a characteristic associated with 
converting the PCM from the crystalline to the amorphous 
state.[15] A recrystallization pulse removes the dark spot as 
the material reverts to the crystalline phase. These calibrated 
pulses are then used as a starting point in the full relay where 
amplitude is increased if necessary to connect the drain and 
source contacts.

This process is then repeated for a range of heater dimen-
sions. A simple analytical model for the switching voltage dem-
onstrates how switching voltage varies with heater length and 
width. We compare this model with our FEA model and experi-
mental results to assess the accuracy of our modeling scheme. 
The switching voltage, Vs on the heater is modeled as

s
HV

R T

Rth

= ∆
	 (1)

where RH is the heater resistance, ΔT is the rise in heater tem-
perature required for phase change, and Rth is the thermal 
resistance of the PCM. For a 200 nm layer of PCM, Rth is domi-
nated by the thermal boundary resistance,[22] which is inversely 
proportional to the interface area between the heater and 
PCM.[23] If the length of the heater is reduced by a factor of S 
(S > 1), Rth increases proportionally, which decreases switching 
voltage. Furthermore, RH is inversely proportional to S. Since 
the required ΔT is the same for devices independent of scale, 
the switching voltage decreases by the same factor of S.

The heater acts as a voltage divider connected in series with 
the traces and the internal impedance of the pulse generator, 
and the voltage across the heater increases with temperature. 
Therefore, we report the voltage at the onset of the actuation 
pulse, and call it the starting actuation voltage. As shown 
in Figure 3a, experimental actuation voltage and simulation 
results are in good agreement and follow the trend calculated 
from Equation (1).

Switching measurements in the time domain are also impor-
tant as they define the maximum operating speed of the relay 
as well as the propagation delay. Measurements are taken for 
a single relay cycling on and off five times. Figure  3b shows 
the actuation voltage on the heater, heater current density, and 
drain/source current for the smallest demonstrated device. The 
relay has a 1 µm wide and 3 µm long heater and is actuated 

Figure 3.  Experimental switching results. a) Comparison of experimental starting actuation voltage with FEA results. This plot shows good agreement 
between the experimental and FEA results for various heater dimensions. Corresponding heater dimensions (heater length, HL and heater width, HW) 
are marked in the SEM. b,c) Measurements of extracted heater voltage, heater current density, and channel current of a PCNR switching (b) ON and 
(c) OFF. The reported switching operation is performed on a relay with a 3 µm × 1 µm heater. Extracted heater voltage in (b) and (c) is the voltage drop 
only across the heater. Heater current density is the heater current normalized to the 1.0 µm wide and 50 nm thick heater cross-section.
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by 300  ns wide pulses with 2  ns rise and fall times. Heater 
voltage (blue) increases throughout the actuation pulse dura-
tion. The temperature coefficient of resistivity of the tungsten 
heater, combined with the high operating temperatures, cause 
the resistance to rise from about 15 to 35 Ω. The fast rise and 
fall times of the actuation pulse excite ripples in the heater 
voltage and current due to reflections from imperfect imped-
ance matching in the test setup between the pulse generator, 
oscilloscope, and relay. The heater current density (purple) is 
simultaneously plotted to check if the current density is too 
high to operate without causing heater failure. Current through 
the channel connecting the drain and source (orange) begins 
to rise toward the end of the actuation pulse. These switching 
pulses are chosen for “perfect” actuation, where the pulse is 
just the right combination of amplitude and width to actuate 
the device. “Perfect” actuation, by definition, turns the relay 
switch on as the pulse turns off. The channel current rise 
time observed does not necessarily represent the rate of con-
tact resistance change. Rise time is limited by the rate at which 
the cables used in the test setup can be discharged through the 
relay contact resistance. The rise time of the channel current 
(44 ns) is significantly longer than the rise time of the input 
pulse (2 ns) and is attributed to a higher contact resistance, 
which can vary widely for a “perfect” actuation pulse.

Figure  3c shows heater voltage, heater current density, and 
drain/source current for the same device turning off. Recrys-
tallization pulses are 2 µs wide with 100 ns and 1 µs rise and 
fall times, respectively. We first note the lack of large oscilla-
tions in the heater voltage and current. The significantly slower 
rise and fall times of the recrystallization pulse (blue) do not 
excite the reflections as in Figure  3b. The fall time in par-
ticular is chosen to be slow to minimize the cooling rate such 
that the amorphous state of the phase change material cannot 
exist in the event that any phase change material is inadvert-
ently melted. Channel current (orange) begins to fall at 0.6 µs. 

Current falls slowly due to the large RC time constant associ-
ated with charging the test setup cable capacitance. Current 
flow is limited by a 100  kΩ resistor connected in series with 
the source, which increases the observed time constant. Unlike 
the actuation pulses, the recrystallization pulses continue after 
the channel current begins to change. The extended pulse time 
ensures a complete recrystallization of the PCM. The micro-
scale PCNR has longer ON–OFF cycling time compared to 
conventional mushroom cell PCM architecture, since complete 
transformation of the PCM layer is necessary for PCNR opera-
tion. However, as discussed in the scaling analysis, a thinner 
PCM layer enables faster switching in scaled PCNR.

2.4.2. Contact Characterization

Key contact parameters measured for the PCNR are shown in 
Figure 4. ON-state resistance varies depending on the applied 
actuation pulse. Two types of actuation are defined for the 
device: “perfect” and “over” actuation. As stated above, a “per-
fect” actuation is the one with the exact actuation pulse ampli-
tude and width required to turn on the relay. “Perfect” actuation 
is used for the switching time measurements. In an “over” 
actuation, a higher amplitude pulse is used to turn the relay on. 
Devices switched with “perfect” actuation pulses exhibit more 
cycles before failure, but higher contact resistance. Devices 
switched with “over” actuation pulses show significantly lower 
contact resistance, but fewer cycles before failure. Unless other-
wise specified, all the results are obtained for perfectly actuated 
device.

ON-state resistance is measured for an “over” actuated 
device to get a lower bound on contact resistance. Figure  4a 
shows the current and resistance of a relay in the ON-state as 
a function of voltage over the drain and source contacts. A total 
contact resistance of 2.3  kΩ is measured for the relay, which 

Figure 4.  Key contact parameter measurements for the PCNR including a) ON-state contact resistance versus voltage, b) ON-state contact resistance 
over 24 h, c) ON-state contact resistance as a function of actuation cycle, d) OFF-state leakage of an unreleased air-gap, e) OFF-state leakage breakdown 
of the released air-gap, and f) OFF-state leakage of the released air-gap after breakdown.
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corresponds to an average of 1.15 kΩ per contact since cur-
rent must flow through both drain and source contacts. The 
contacts are ohmic as resistance is constant over the applied 
voltage range. Nonvolatility is assessed through limited testing 
of contact resistance over time for a “perfectly” actuated device. 
A “perfectly” actuated device is conservatively chosen instead 
of an “over” actuated device as less contraction of the actuator 
is required to break contact. However, this “perfectly” actuated 
device too has a relatively low ON-state resistance of 2.5  kΩ. 
ON-state resistance is measured for 24 h by applying a constant 
10  mV across the drain and source contacts. Figure  4b shows 
the resistance as a function of time. Resistance is constant 
throughout the 24  h test, which demonstrates nonvolatility 
but does not prove long term stability. Accelerated testing at 
elevated temperatures is required to extrapolate the state reten-
tion time at room temperature. Contact resistance does change 
with actuation cycles. Figure  4c shows ON-state resistance as 
a function of cycle count for a relay “perfectly” actuated until 
failure. The 36 cycles shown represent the most cycles before 
failure of a tested PCNR device. A single amplitude actuation 
pulse is used until the 32nd cycle, at which point the amplitude 
is increased to counter the increasing ON-state resistance. The 
additional amplitude melts and converts more phase change 
material to the amorphous state, thus improving the contact 
resistance. The relay eventually fails in the ON state, which is 
typical of other high cycle count relays. Investigations on the 
failure mechanisms are ongoing. The two primary sources of 
failure are the PCM layer and the contact area. Degradation 
of the phase change properties of PCM has been extensively 
explored by the research community and solutions employed 
for conventional phase change memory is applicable for PCNR 
as well.[24,25] On the other hand, contact degradation is one of 
the primary challenges for NEM relays. We are exploring the 
suitability of different durable contact materials, including 
conducting oxides, to increase the endurance of the relay. Our 
speculation on maximum achievable cycle count is preliminary, 
but with proper understanding of the failure mechanisms, our 
target is to achieve the same level of reliability as conventional 
phase change memory.

OFF state leakage is important to characterize as low leakage 
is one of the defining characteristics of the air-gap associated 
with an NEMS relay and it sets the ON–OFF ratio. OFF-state 
leakage measurements for the PCNR are taken under various 
conditions. Leakage current between the drain and source con-
tacts is measured before and after the release etch. The release 
etch process (details in the Experimental Section) is used to 
isotropically remove the 20 nm SiO2 layer deposited to define 
the air-gap between the contact pair. Figure  4d shows the 
leakage current for an unreleased device as voltage is swept up 
to 15  V and back down. The unreleased relay exhibits around 
10 fA of leakage current and the sacrificial SiO2 does not break 
down with up to 15  V across the drain and source. Figure  4e 
shows the leakage current for the same relay after release. At 
a nominal D/S operating voltage (<1 V), off-state leakage cur-
rent is 14 fA. After the release etch the relay undergoes a break-
down event starting at 8  V which is substantially higher than 
the nominal drain voltage of 1 V. The leakage current follows 
a different relationship with voltage after the breakdown event. 
Figure  4f shows a subsequent leakage current measurement  

after the breakdown event. At the limit of nominal D/S oper-
ating voltage (1 V), leakage current reaches a high value of  
30 pA. The relay has undergone a permanent change in leakage 
current as the hysteresis observed in the initial breakdown no 
longer occurs, but instead the breakdown path is followed. Also, 
a linear I–V relation is observed which indicates the growth of 
a postbreakdown resistive path. The single breakdown event is 
likely caused by field emission current and subsequent elec-
trode vaporization. [26]

3. Discussion

The microscale prototype is the first experimental demonstra-
tion of the proposed device topology. It validates the device prin-
ciple of operation and verifies the FEA model. We use imaging 
techniques to analyze the condition of the contacts and gain 
more insights on possible routes of device failure. With this 
knowledge, we can compare PCNR with existing relay devices 
and predict its performance in CMOS-comparable technology 
nodes.

Figure 5 shows a transmission electron microscope (TEM) 
image of an actuated device sectioned along the length of the 
heater. In regions where the channel contact overlaps the drain 
and the source, the air-gap should be reduced to zero in an ide-
ally actuated device. However, the TEM images in Figure 5c–e 
show that the contact is closed only at the inside edges of the 
source or drain, and that the air-gap gradually opens as we go 
further away from the center. This is caused by a nonuniform 
spatial temperature distribution along the length of the heater. 
Maximum temperature is reached at the center, resulting in a 
bowing effect as the PCM expands. This problem will be miti-
gated in a scaled device as temperature is more uniform in 
nanoscale heaters. An electron energy loss spectroscopy (EELS) 
analysis verifies that the device is indeed released prior to actu-
ation, as confirmed by the absence of any material in the air-
gap (Figure 5f).

The low cycle count can be attributed to failure in the PCM 
layer as repeated thermal cycling is reported to have caused 
void formation and phase segregation.[25,27] Other sources 
of PCM failure, such as high through current and high elec-
tric field, are not relevant to our device. While the alumina 
layers electrically isolate GeTe from both the heater and the 
contact pair, its careful placement on the heater mitigates the 
chances of field-induced separation of elements. Out-of-plane 
mechanical distortion of the drain and source electrodes due to 
plastic deformation can also cause failure. However, since most 
devices failed in the ON state, we conclude that it may not have 
played a significant role in limiting the cycle count.

Figure 6 shows a scaling comparison of the area and actua-
tion voltage of the PCNR, an existing MEMS electrostatic can-
tilever design and its theoretical limit, and CMOS devices (see 
Section S1, Supporting Information, for the PCNR scaling 
model).[1,2,28,29] The PCNR shows a significant reduction in 
area and voltage compared to the MEMS cantilever relay and 
offers comparable area and actuation voltage to current CMOS 
devices. Although voltage is not the only metric used to evaluate 
a technology, this comparison shows that an aggressively scaled 
PCNR can be integrated with CMOS to provide area-efficient 
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nonvolatile functionalities. Further improvements in actuation 
energy and voltage are possible by adjusting the geometry to 
better thermally couple the heater to the PCM (see Section S2, 
Supporting Information). Reducing thermal resistance between 
PCM and heater or increasing thermal resistance between the 
PCM and substrate can reduce temperature differential and 
improve energy efficiency. One way to reduce the temperature 
differential between the PCM and the heater is by adjusting the 
relative surface area between the PCM and the heater and the 
PCM and the substrate—thus increasing the thermal coupling 
between the PCM and the heater while reducing the thermal 
coupling between the PCM and the substrate.

Switching energy can also be improved for highly scaled 
devices by increasing the thermal resistance between the heater 
and the substrate. Higher thermal resistance reduces the input 

power required to maintain a temperature, but there are limits 
to increasing thermal resistance between the heater and sub-
strate as high thermal resistance slows the quench time. The 
thick layers of PCM used in this initial demonstration, due to 
their high thermal resistance, are close to the quenching speed 
requirement. The thin layers of PCM used in a highly scaled 
design can benefit from increased thermal resistance between 
the heater and substrate to decrease switching energy while 
maintaining support for the amorphous state.

4. Conclusions

The PCNR is an alternative class of NEMS relay that addresses 
the scalability concerns associated with other MEMS relays. The 

Figure 5.  TEM of a cross-section along the length of the heater and electron energy loss spectroscopy (EELS) elemental map of the materials in and around 
the PCNR air-gap after release and actuation. a) SEM of the actuated device marking the line for cross-section. b) A schematic cartoon of a “nonideal” 
actuated device. Nonuniform heating causes the PCM to bow at the middle, resulting in contacts formed only near the center of the heater. c) TEM image 
on an actuated device. d) Magnified view of the yellow rectangle in (c) showing the contact between the drain and top metal contact. The contact is made 
near the edge of the drain and an air-gap slowly appears as we move to the left. e) Further magnification of the dashed rectangle in (d) shows the gap 
(between two dashed boundary lines) between the two metal layers and f) EELS element analysis demonstrates the absence of any material in the gap.
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key component is a layer of PCM that expands and contracts 
when converted between amorphous and crystalline states. 
In addition to shrinking actuator size by directly opening and 
closing the relay contacts with material contraction and expan-
sion, the PCNR exhibits nonvolatile states because the PCM 
supports room-temperature stable amorphous and crystalline 
states. FEA models predict the switching characteristics of a 
given PCNR device and guide scaling laws and performance 
optimization. Models are verified experimentally via microscale 
prototypes and validate device switching and contact charac-
teristics. Highly scaled geometries that operate at low voltages 
(400 mV), low energy (1.7 pJ), and high switching speeds  
(<2 ns), while preserving low leakage and nonvolatility, are pos-
sible to fabricate. Lateral heat flow in the actuator is identified 
as a source of inefficiency in highly scaled devices. Further 
improvements in actuation energy can be achieved by adjusting 
the geometry to better couple heater energy into the PCM 
instead of the substrate. Future work will focus on developing a 
design which increases the surface area of the PCM in contact 
with the heater while decreasing the surface area of the PCM in 
contact with the substrate—thus maintaining the fast quench 
time required to support the amorphous state while reducing 
temperature difference between the heater and PCM.

5. Experimental Section
Electrical and Thermal FEA Model: A model of the PCNR actuator is built 

in COMSOL Multiphysics finite element analysis software that combines 
the electrical and thermal physics of the actuator (see Section S3,  
Supporting Information). The COMSOL model only includes the 
heater layer’s electrical properties as all other portions are insulators 
or are electrically insulated from the heater. The necessary high heater 
temperature operation requires the inclusion of its temperature 
coefficient of resistivity (TCR), which causes a ≈2.5 times increase in 

resistivity at peak heater temperature. The heater resistivity and TCR 
used in the simulations were taken from measurements on a test 
structure at temperatures ranging from 170 to 370 K in a Lakeshore 
Cryogenic probing station. Resistivity at 293 K for the W heater was  
1.67 × 10−7 Ωm with a TCR of 0.17% K−1.

The thermal model includes the substrate, heater, PCM, and 
insulating layers. The same PCM thermal conductivity (1 W m−1 K−1) and 
latent heat of phase change (68 kJ kg−1) were used for both phases of 
the material.[30] ALD Al2O3 and sputtered W have thermal conductivity of 
2 W m−1 K−1 and 40–70 W m−1 K−1, respectively.[31] The heater acted as a 
source of thermal energy by coupling the electrical model to the thermal 
model through joule heating. Thermal boundary resistances (TBRs) were 
included at the interfaces between each dissimilar material.[32] The TBR 
was modeled as a fixed thermal resistance per area (1.42 × 10−8 Km2 W−1  
between the heater and PCM) and was a dominant factor in highly 
scaled devices. The cap and metallic contact were not modeled as 
the latent heat of the PCM was dominant for thermal timing. As the 
PCM melted, it absorbed large amounts of heat due to the latent heat 
of fusion while maintaining an approximately constant temperature. 
Melting was modeled as a sharp increase in heat capacity at a narrow 
temperature range around the melting temperature such that the added 
heat equaled the latent heat of fusion.

Actuator Expansion FEA Model: The actuator model is built in 
2D as the long aspect ratio of the actuator allows for a plane strain 
condition at the center of the cross-section (see Section S4, Supporting 
Information). Rather than specifying a strain within a solid model of the 
PCM, a hydrostatic pressure was applied to the boundary of the molten 
PCM and was proportional to the volume change of the molten area. 
The hydrostatic pressure better modeled the forces generated by the 
molten PCM as it did not support shear forces at the boundary between 
PCM and structure. The PCM was only included in the mesh to measure 
the volume change used when calculating the hydrostatic pressure. 
The hydrostatic pressure on the boundary best modeled the pressure 
generated from the molten PCM as this allowed for lateral motion that 
would otherwise be constrained.

Fabrication: Fabrication of the PCNR was completed following a 4 mask 
process that is illustrated in 1–8 subfigures of Figure S5 (Supporting 
Information). Figure  1 shows a cross-section (Figure  1c) and top view 
(Figure  1b) image of a fabricated PCNR device taken with an SEM. The 
chosen insulation layer material (AlN) mitigated electrical conduction 
between heater and substrate while allowing low thermal resistance, 
which facilitated rapid quenching. The cap layer choice was also crucial 
since it insulated the PCM from metallic heater and contact layers, and 
also encapsulated molten PCM during phase changes. SiO2 was used 
as the sacrificial layer as it was isotropically etched in vapor HF while 
keeping the alumina cap layer intact. Finally the drain and source layer 
was fabricated by lifting off a thick W layer so that unwanted tensile stress-
induced bending of the contact pair during off state could be limited.

Switching Test Setup: The test setup (shown in Figure S6, Supporting 
Information) was used to evaluate the switching time for the fabricated 
PCNR devices. Actuation pulses were generated by an Agilent B1110A 
pulse generator with a 50 Ω internal resistance.

Each heater size required a different actuation pulse for optimal 
switching. Actuation pulse variation was limited to amplitude, so all 
actuation pulses shared the same rise time, fall time, and duration. Each 
relay was actuated ON and OFF until failure. Testing was conducted in 
both air and vacuum with minimal change in actuation voltage, although 
devices tested in vacuum withstood more cycles before failure. Failure 
of the relay was defined as when the device stopped responding to 
actuation pulses.

Contact Characterization Test Setup: Contacts were characterized 
by sweeping voltage and measuring current to obtain I–V curves. 
Contacts were probed with an Agilent B1500A Semiconductor 
Device Parameter Analyzer using only two probes. Two-point probe 
measurements included contact resistance as well as probe resistance. 
Two-point measurements were chosen over more accurate four-point 
measurements due to limited probing pad size as well as the negligible 
resistance of the probe compared to the device resistance.

Figure 6.  Comparison between different switching technologies by area 
and actuation voltage. Even without considering the anchor area, the 
shortest flexure-based NEM relay has four order larger footprint than a 
CMOS device.[28] Further scaling is difficult since the minimum canti-
lever size is constrained by the material properties.[29] PCNR, on the other 
hand, is already operated at a lower voltage and promises aggressive 
scalability.
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