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MEMORY CELL AND METHOD OF MANUFACTURING A MEMORY CELL 

CROSS-REFERENCE TO RELATED APPLICATION 

[0001] 	This application claims the benefit of priority of Singapore Patent Application 

5 No. 201104680-2, filed 24 June 2011, the contents of which being hereby incorporated 

by reference in its entirety for all purposes. 

TECHNICAL FIELD 

[0002] 	Various embodiments relate generally to a memory cell and a method of 

10 manufacturing a memory cell. 

BACKGROUND 

[0003] 	Non-volatile memories are components of electronic systems. Some examples 

of non-volatile memories include FLASH memory, ferroelectric random access memory 

15 (FeRAM), magnetoresistive random access memory (M-RAM), phase change random 

access memory (PC-RAM), resistive random access memory (R-RAM) and conductive 

briding random access memory (CB-RAM). 

[0004] 	Non-volatile memories usually use storage layers. Some examples of solid- 

state storage layers are charge storage layers used in FLASH memory, polarized 

20 dielectric layers used in RAM, flipping magnetic alloys used in M-RAM, phase-change 

alloys used in PC-RAM, and resistive-change materials used in R-RAM and CB-RAM. 

[0005] 	However, storage layers may fail and leak. Thus, memories based on a storage 

layer may suffer from poor retention at high temperature (e.g. at a temperature greater 
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than 150°C) and high voltage writing, and may wear out while cycling. Therefore, it is 

desirable to have memories which can provide reliable high temperature data storage. 

SUMMARY 

5 [0006] 	According to one embodiment, a memory cell is provided. The memory cell 

includes a substrate; at least one first electrode disposed above the substrate; at least one 

second electrode disposed above the at least one first electrode; a moveable electrode 

disposed between the at least one first electrode and the at least one second electrode; 

wherein the moveable electrode is configured to move between the at least one first 

10 electrode and the at least one second electrode; wherein the moveable electrode includes 

metal. 

[0007] 	According to another embodiment, a method of manufacturing a memory cell 

is provided. The method includes providing a first metal layer and patterning the first 

metal layer to form at least one first electrode; depositing a first sacrificial layer above 

15 the first metal layer; depositing a second metal layer above the first sacrificial layer; 

depositing a second sacrificial layer above the second metal layer; depositing a third 

metal layer above the second sacrificial layer; depositing a first sacrificial pillar structure 

at one side of the first sacrificial layer, the second metal layer, the second sacrificial layer 

and the third metal layer, and a second sacrificial pillar structure at the other side of the 

20 first sacrificial layer, the second metal layer, the second sacrificial layer and the third 

metal layer; depositing a first insulator layer above the third metal layer, the first 

sacrificial pillar structure, the second sacrificial pillar structure and the first metal layer; 

etching an opening in the first insulator layer to expose a portion of the third metal layer; 
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depositing a fourth metal layer above the first insulator layer and the exposed portion of 

the third metal layer; etching an opening in the fourth metal layer and the third metal 

layer to form at least one second electrode; removing the first sacrificial layer, the second 

sacrificial layer, the first sacrificial pillar structure and the second sacrificial pillar 

5 structure to form a moveable electrode and to provide a cavity for guiding movement of 

the moveable electrode between the at least one first electrode and the at least one second 

electrode. 

BRIEF DESCRIPTION OF THE DRAWINGS 

10 [0008] 	In the drawings, like reference characters generally refer to the same parts 

throughout the different views. The drawings are not necessarily to scale, emphasis 

instead generally being placed upon illustrating the principles of the invention. In the 

following description, various embodiments of the invention are described with reference 

to the following drawings, in which: 

15 Figure 1a shows a top view of a memory cell according to one embodiment. 

Figures lb and 1c show cross-sectional views of a memory cell according to one 

embodiment. 

Figure 1 d shows a schematic diagram of a memory cell according to one 

embodiment. 

20 Figure 2 shows a cross-sectional view of a memory cell according to one 

embodiment. 

Figure 3 shows a cross-sectional view of a memory cell according to one 

embodiment. 
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Figure 4 shows a schematic diagram of a memory cell according to one 

embodiment. 

Figure 5 illustrates a movement of a moveable electrode of a memory cell 

according to one embodiment. 

5 Figure 6 shows an experimental roughness analysis of an atomic force 

microscopy (AFM) scan of a physical vapour deposition (PVD) tantalum nitride (TaN) 

surface according to one embodiment. 

Figure 7 shows a graph illustrating a switching voltage plotted against an 

actuation gap according to one embodiment. 

10 Figure 8 shows a stability plot of a memory cell according to one embodiment. 

Figure 9 shows a schematic diagram illustrating redistribution of charges in a 

memory cell according to one embodiment. 

Figure 10 shows a graph of a shuttle position of a moveable electrode of a 

memory cell plotted against time according to one embodiment. 

15 Figure 11 shows a graph of a speed of a moveable electrode of a memory cell 

against time according to one embodiment. 

Figure 12 shows a graph of a shuttle voltage of a moveable electrode of a memory 

cell plotted against a shuttle displacement of the moveable electrode according to one 

embodiment. 

20 Figure 13 shows a graph of charge plotted against shuttle displacement of a 

moveable electrode of a memory cell according to one embodiment. 
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Figure 14 shows a graph of electrostatic forces applied on a moveable electrode of 

a memory cell plotted against shuttle displacement of the moveable electrode according 

to one embodiment. 

Figure 15a shows a graph of a shuttle position of a moveable electrode of a 

5 	memory cell plotted against time according to one embodiment. 

Figures 15b to 15d show graphs of a speed of a moveable electrode of a memory 

cell plotted against time according to one embodiment. 

Figure 16 illustrates a movement of a moveable electrode of a memory cell 

according to one embodiment. 

10 Figure 17 shows a graph of switching time and switching energy plotted against 

pulse duration of a voltage applied to a gate electrode of a memory cell according to one 

embodiment. 

Figure 18 shows a diagram illustrating an energy transfer of a moveable electrode 

of a memory cell according to one embodiment. 

15 Figure 19 shows a graph of a switching time and a switching energy of a 

moveable electrode of a memory cell plotted against pulse duration of a voltage applied 

on a gate electrode of the memory cell respectively according to one embodiment. 

Figure 20 shows a graph of a switching time and a switching energy of a 

moveable electrode of a memory cell plotted against pulse duration of a voltage applied 

20 	on a gate electrode of the memory cell respectively according to one embodiment. 

Figure 21 shows a graph of a switching time and a switching energy of a 

moveable electrode of a memory cell plotted against pulse duration of a voltage applied 

on a gate electrode of the memory cell respectively according to one embodiment. 
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Figure 22 shows a graph of a switching time and a switching energy of a 

moveable electrode of a memory cell plotted against pulse duration of a voltage applied 

on a gate electrode of the memory cell respectively according to one embodiment. 

Figure 23 shows a flowchart of a process for manufacturing a memory cell 

5 	according to one embodiment. 

Figure 24 shows a process for manufacturing a memory cell according to one 

embodiment. 

Figure 25 shows a schematic diagram of a memory array having memory cells 

according to one embodiment. 

10 Figure 26 shows a logic table of an addressing scheme of a memory array having 

memory cells according to one embodiment. 

Figure 27 shows a process for manufacturing a memory cell according to one 

embodiment. 

15 DETAILED DESCRIPTION 

[0009] 	Embodiments of a memory cell and a method of manufacturing a memory cell 

will be described in detail below with reference to the accompanying figures. It will be 

appreciated that the embodiments described below can be modified in various aspects 

without changing the essence of the invention. 

20 	[0010] 	Figure 1 a shows a top view of a memory cell 100 according to one 

embodiment. Figures lb and 1c show cross-sectional views of the memory cell 100. 

Figure 1d shows a schematic diagram of the memory cell 100. The memory cell 100 

includes a substrate 102, at least one first electrode 104, at least one second electrode 106 
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and a moveable electrode 108. The at least one first electrode 104 is disposed above the 

substrate 102. The at least one second electrode 106 is disposed above the at least one 

first electrode 104. The moveable electrode 108 is disposed between the at least one first 

electrode 104 and the at least one second electrode 106. The moveable electrode 108 is 

5 moveable between the at least one first electrode 104 and the at least one second 

electrode 106. 

[0011] 	In one embodiment, the at least one first electrode 104 includes a gate 

electrode 110, and the at least one second electrode 106 includes a drain electrode 112 

and a source electrode 114. The drain electrode 112 may be arranged adjacent to the 

10 source electrode 114 such that the drain electrode 112 and the source electrode 114 are 

separated by a gap 115. 

[0012] 	The memory cell 100 further includes an insulator layer 116 disposed between 

the at least one first electrode 104 and the at least one second electrode 106. The insulator 

layer 116, the at least one first electrode 104 and the at least one second electrode 106 

15 define a cavity 118 for guiding a movement of the moveable electrode between the at 

least one first electrode 104 and the at least one second electrode 106. 

[0013] 	The memory cell 100 also includes a further insulator layer 120 disposed 

between the substrate 102 and the at least one first electrode 104. 

[0014] 	In one embodiment, the moveable electrode 108 includes metal. Various types 

20 of metal may be used for the moveable electrode 108. The materials used for the 

moveable electrode 108 may include metals which makes reliable electro-mechanical 

contacts. One example of metal used for the moveable electrode 108 is tantalum nitride. 

In one embodiment, tantalum nitride (TaN) is used for the moveable electrode 108 as it is 
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a hard material and does not tarnish or oxidize easily, even at high temperature. Other 

examples of metal used for the moveable electrode 108 may include but are not limited to 

titanium nitride (TiN), ruthenium (Ru) and molybdenum (Mo). 

10015] 	In one embodiment, the at least one first electrode 104 and the at least one 

5 second electrode 106 includes metal. Various types of metal may be used for the at least 

one first electrode 104 and the at least one second electrode 106. The materials used for 

the at least one first electrode 104 and the at least one second electrode 106 may include 

metals which makes reliable electro-mechanical contacts. One example of metal used for 

the at least one first electrode 104 and the at least one second electrode 106 is tantalum 

10 nitride. In one embodiment, tantalum nitride (TaN) is used for the at least one first 

electrode 104 and the at least one second electrode 106 as it is a hard material and does 

not tarnish or oxidize easily, even at high temperature. Other examples of metal used for 

the at least one first electrode 104 and the at least one second electrode 106 may include 

but are not limited to titanium nitride (TiN), ruthenium (Ru) and molybdenum (Mo). 

15 [0016] 	In one embodiment, the materials used for the substrate 102 may include but 

are not limited to silicon and glass. The materials used for the insulator layer 116 and the 

further insulator layer 120 may include but are not limited to silicon nitride (SiN), 

aluminum oxide (A1203) and amorphous silicon (a-Si). 

[00171 	Figure 2 shows a cross-sectional view of a memory cell 100 according to one 

20 embodiment. In one embodiment, the at least one first electrode 104 includes a drain 

electrode 202 and a source electrode 204. The drain electrode 202 may be arranged 

adjacent to the source electrode 204 such that the drain electrode 202 and the source 
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electrode 204 are separated by a gap 205. The at least one second electrode 106 includes 

a gate electrode 206. 

100181 	In one embodiment, the memory cells 100 shown in Figures 1 and 2 are a 

three-terminal shuttle memory device. The memory cells 100 shown in Figures 1 and 2 

5 may be non-volatile and may be a pulsed mode memory. 

[0019] 	Figure 3 shows a cross-sectional view of a memory cell 100 according to one 

embodiment. In one embodiment, the at least one first electrode 104 includes a gate 

electrode 302, a drain electrode 304 and a source electrode 306. The gate electrode 302 

may be arranged adjacent to the drain electrode 304 and the source electrode 306 such 

10 that the gate electrode 302 and the drain electrode 304 are separated by a first gap 305 

and the gate electrode 302 and the source electrode 306 are separated by a second gap 

307. The at least one second electrode 106 includes a drain electrode 308 and a source 

electrode 310. The drain electrode 308 may be arranged adjacent to the source electrode 

310 such that the drain electrode 308 and the source electrode 310 are separated by a gap 

15 309. 

100201 	In one embodiment, the memory cell 100 of Figure 3 is a five-terminal 

memory device. The memory cell 100 of Figure 3 may be non-volatile. 

100211 	Figure 4 shows a schematic diagram of a memory cell 100 according to one 

embodiment. In one embodiment, the at least one first electrode 104 includes a gate 

20 electrode 402, and the at least one second electrode 106 includes a drain electrode 404 

and a source electrode 406. The drain electrode 404 may be arranged adjacent to the 

source electrode 406 such that the drain electrode 404 and the source electrode 406 are 
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separated by a gap 407. The memory cell 100 further includes a further gate electrode 

408 disposed above the drain electrode 404 and the source electrode 406. 

[0022] 	In one embodiment, the memory cell 100 of Figure 4 is a four-terminal 

memory device. The memory cell 100 of Figure 4 may be a four-terminal pass-gate logic 

5 switch. The memory cell 100 of Figure 4 may be non-volatile. The drain electrode 404 

and the source electrode 406 of the memory cell 100 shown in Figure 4 may act as shuttle 

bumpers. The memory cell 100 of Figure 4 may be a non-pulsed mode memory. 

[0023] 	Operation of the memory cell 100 is described in detail in the following and 

with reference to Figures lb, lc and ld. 

10 [0024] 	The moveable electrode 108 may move from the at least one first electrode 

104 to the at least one second electrode 106 or from the at least one second electrode 106 

to the at least one first electrode 104 depending on the voltages applied to the at least one 

first electrode 104 and to the at least one second electrode 106 respectively. 

[0025] 	Figure lb shows the moveable electrode 108 contacting the at least one first 

15 electrode 104. Figure lc shows the moveable electrode 108 contacting the at least one 

second electrode 106. Figure ld shows the moveable electrode 108 moving from the at 

least one first electrode 104 to the at least one second electrode 106 or from the at least 

one second electrode 106 to the at least one first electrode 104. 

[0026] 	If the moveable electrode 108 is at an initial position, i.e. contacting the at 

20 least one first electrode 104 as shown in Figure lb, the moveable electrode 108 may 

move from the at least one first electrode 104 to the at least one second electrode 106 

when a voltage applied to the at least one second electrode 106 is larger than a voltage 

applied to the at least one first electrode 104. The voltage applied to the at least one 
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second electrode 106 causes a first electrostatic force in a direction 122 towards the at 

least one second electrode 106 to be applied to the moveable electrode 108. The voltage 

applied to the at least one first electrode 104 causes a second electrostatic force in a 

direction 124 towards the at least one first electrode 104 to be applied to the moveable 

5 electrode 108. The first electrostatic force is larger than the second electrostatic force and 

an adhesion force between the moveable electrode 108 and the at least one first electrode 

104. The adhesion force is the force which keeps the moveable electrode 108 in contact 

with the at least one first electrode 104. When the first electrostatic force is larger than 

the second electrostatic force and the adhesion force between the moveable electrode 108 

10 and the at least one first electrode 104, the moveable electrode 108 moves from the at 

least one first electrode 104 to the at least one second electrode 106. The moveable 

electrode 108 contacts the at least one second electrode 106 when no voltage is applied to 

the at least one first electrode 104 and the at least one second electrode 106. 

[0027] 	If the moveable electrode 108 is at an initial position, i.e. contacting the at 

15 least one second electrode 106 as shown in Figure lc, the moveable electrode 108 may 

move from the at least one second electrode 106 to the at least one first electrode 104 

when a voltage applied to the at least one first electrode 104 is larger than a voltage 

applied to the at least one second electrode 106. The voltage applied to the at least one 

first electrode 104 causes a first electrostatic force in a direction 124 towards the at least 

20 one first electrode 104 to be applied to the moveable electrode 108. The voltage applied 

to the at least one second electrode 106 causes a second electrostatic force in a direction 

122 towards the at least one second electrode 106 to be applied to the moveable electrode 

108. The first electrostatic force is larger than the second electrostatic force and an 
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adhesion force between the moveable electrode 108 and the at least one second electrode 

106. The adhesion force is the force which keeps the moveable electrode 108 in contact 

with the at least one second electrode 106. When the first electrostatic force is larger than 

the second electrostatic force and the adhesion force between the moveable electrode 108 

5 and the at least one second electrode 106, the moveable electrode 108 moves from the at 

least one second electrode 106 to the at least one first electrode 104. The moveable 

electrode 108 contacts the at least one first electrode 104 when no voltage is applied to 

the at least one first electrode 104 and the at least one second electrode 106. 

[0028] 	In one embodiment, reading of the memory cell 100 is carried out by passing 

10 a small current between the drain electrode 112 and the source electrode 114 when the 

moveable electrode 108 is contacting the drain electrode 112 and the source electrode 

114. The moveable electrode 108 acts as a shorting conductive bridge between the drain 

electrode 112 and the source electrode 114. 

[0029] 	The movement of the moveable electrode 108 between the at least one first 

15 electrode 104 and the at least one second electrode 106 is described in more detail in the 

following. 

[0030] 	Figure 5 illustrates the movement of the moveable electrode 108 from the at 

least one second electrode 106 to the at least one first electrode 104. Figure 5a shows the 

moveable electrode 108 contacting the at least one second electrode 106, i.e. the drain 

20 electrode 112 and the source electrode 114. In one embodiment, the moveable electrode 

108 may have a length of about 2µm, a width of about 2 pm and a thickness of about 

300 nm. The distance between the moveable electrode 108 and the at least one first 

electrode 104, i.e. the gate electrode 110 may be 2dgap. The distance dgap may be termed 
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as an actuation gap. As an example, the distance between the moveable electrode 108 and 

the gate electrode 110 may be about 200 nm. Thus, the distance dgap  may be about 

100nm. In one embodiment, the distance dgap  may range from about lOnm to about 

200mn. The distance between the moveable electrode 108 and the gate electrode 110 may 

5 range from about 20 nm to about 400 nm. 

[00311 	The moveable electrode 108 may be kept in contact with the drain electrode 

112 and the source electrode 114 by an adhesion force between the moveable electrode 

108 and the drain electrode 112 and the source electrode 114. The same voltage may be 

applied to both the at least one first electrode 104 and the at least one second electrode 

10 106. The voltage may be about 0 V. 

100321 	The adhesion force can be experimentally extracted and may be dependent on 

various factors such as micro-welding in contact area, van der Waals forces, ambient 

(humidity, temperature), and surface roughness. The adhesion force can be engineered by 

material choice and proper surface treatment (e.g. chemical mechanical planarization 

15 (CMP), atomic layer deposition (ALD) coating). Figure 6 shows an experimental 

roughness analysis of an atomic force microscopy (AFM) scan of a physical vapour 

deposition (PVD) tantalum nitride (TaN) surface 602. The root mean square (RMS) of the 

surface roughness obtained from the experiment is about 0.398 mu. 

[0033] 	Adhesion energy can be obtained by using the following equation: 

20 
.4TaN .1-- 

12-2T . Dr2au  

whereby r is the adhesion energy, ATaN  is Hamaker constant of the TaN-TaN system, and 

Dnns is the root mean square (RMS) surface roughness of tantalum nitride (TaN). 

The adhesion force can then be obtained by using the following equation: 
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_contact 	d 
“ win,  

whereby Fa_contact  is the adhesion force, F is the adhesion energy, dvd, is Van der Waals 

distance, and a is a ratio of a real contact area between the moveable electrode 108 and 

the at least one second electrode 106 and an apparent contact area between the moveable 

5 electrode 108 and the at least one second electrode 106. 

[0034] 	If the moveable electrode 108 and the at least one second electrode 106 are 

made of tantalum nitride (TaN), the adhesion force between the moveable electrode 108 

and the at least one second electrode 106 can be as high as 151c.N/m2. As such, gravity 

acting on the moveable electrode 108 is negligible as compared to the adhesion force. 

10 [0035] 	Figure 5b shows a voltage applied to the gate electrode 110. The moveable 

electrode 108 may be charged due to the voltage applied to the gate electrode 110. 

[0036] 	The charge of the moveable electrode 108 may be obtained using the 

following equation: 

=6.0 	AV Q=CV 	c 2dgap  

15 whereby Q is the charge of the moveable electrode 108, C is the capacitance of the 

moveable electrode 108, V is the voltage applied on the gate electrode 110, co is the 

dielectric constant of vacuum, A is the area of the surface 502 of the moveable electrode 

108 facing the gate electrode 110, 2dgap  is the distance between the moveable electrode 

108 and the gate electrode 110, and VG is the voltage applied on the gate electrode 110. 

20 [0037] 	A voltage may also be applied to the drain electrode 112 and the source 

electrode 114. The voltage applied to the drain electrode 112 and the source electrode 

114 may be smaller than the voltage applied to the gate electrode 110. 
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[0038] 	In one embodiment, the voltage applied to the gate electrode 110 is about 10 

V. The voltage applied to the drain electrode 112 and the source electrode 114 is about 0 

V. In other embodiments, different values of voltages can be applied to the gate electrode 

110 and to the drain electrode 112 and the source electrode 114 respectively. 

5 [0039] 	To initiate switching of the moveable electrode 108 from the drain electrode 

112 and the source electrode 114 to the gate electrode, a minimum voltage difference 

between the at least one second electrode 106 (i.e. the drain electrode 112 and the source 

electrode 114) and the at least one first electrode 104 (i.e. the gate electrode) may be 

obtained. The minimum voltage difference between the at least one second electrode 106 

10 and the at least one first electrode 104 may be termed as a switching voltage. Figure 7 

shows a graph 700 illustrating a switching voltage plotted against an actuation gap. Graph 

700 shows a plot 702 of the switching voltage plotted against the actuation gap for 

a=100%, a plot 704 of the switching voltage plotted against the actuation gap for a=10%, 

and plot 706 of the switching voltage plotted against the actuation gap for ot=1%. Taking 

15 the adhesion force into consideration, a switching voltage for the moveable electrode 108 

may be in the range of about 2 V to about 8 V. 

[0040] 	The switching voltage to initiate switching of the moveable electrode 108 

from the at least one first electrode 104 to the at least one second electrode 106 may be 

different from the switching voltage to initiate switching of the moveable electrode 108 

20 from the at least one second electrode 106 to the at least one first electrode 104. The 

difference between the two switching voltages may be small due to the narrow slit 

between the drain electrode 112 and the source electrode 114. Figure 8 shows a stability 

plot 800 of the memory cell 100. Figure 8 shows the switching voltage Vp  and a range of 
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the reading voltage VR. Figure 8 also shows the switching thresholds indicated by dotted 

lines 802, 804. A hysteresis, ideally centre at VD ' Vs = VG ' 0 is designed to ensure 

permanent data storage for the memory 100. As such, the memory 100 may be non-

volatile. The memory 100 is astable, e.g. capable of switching between two states. The 

5 two states refer to the two positions of the moveable electrode 108, i.e. either contacting 

the at least one first electrode 104 or contacting the at least one second electrode 106. 

Therefore, it is desirable to switch the memory 100 between the two states using a single 

squared pulse voltage. Otherwise, the moveable electrode 108 of the memory 100 may 

rebound and behave like a pendulum. 

10 [00411 	Figure 5c shows a first electrostatic force in a direction 504 towards the gate 

electrode 110 applied to the moveable electrode 108. The first electrostatic force may be 

obtained using the following equation: 

I 	co  • A TiG2  
= I 	go ' A•(V-G — P r  SHUTTLE / )2 	 • 	_1 	co  • A-7G  

P' 
	

— Elec 	 N, 	 i  _down 	2  
(2dgap — xr 	2 t2dgapr 	8 	dgap  

wherein Felee do,,„ is the first electrostatic force applied to the moveable electrode 108, co 

15 is the dielectric constant of vacuum (8.85 x 10-12  F/m), A is the area of the surface 502 of 

the moveable electrode 108 facing the gate electrode 110, dgap  is the distance between the 

moveable electrode 108 and the gate electrode 110, x is the distance between the 

moveable electrode 108 and the drain electrode 112 and the source electrode 114, VG is 

the voltage applied to the gate electrode 110, and Vshuttle is the voltage of the moveable 

20 electrode 108. 
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[0042] 	As shown in Figure 5c, the moveable electrode 108 is still contacting the drain 

electrode 112 and the source electrode 114. Thus, the distance x between the moveable 

electrode 108 and the drain electrode 112 and the source electrode 114 is 0 (i.e. x = 0). 

[0043] 	In one embodiment, there is no second electrostatic force applied to the 

5 moveable electrode 108 in a direction opposite to that of the first second electrostatic 

force since the voltage applied to the drain electrode 112 and the source electrode 114 is 

about 0 V. 

[0044] 	Figure 5d shows the moveable electrode 108 moving away from the drain 

electrode 112 and the source electrode 114 and moving towards the gate electrode 110. 

10 Actuation of the moveable electrode 108 starts when the first electrostatic force is greater 

than the adhesion force between the moveable electrode 108 and the drain electrode 112 

and the source electrode 114. If the voltage applied to the drain electrode 112 and the 

source electrode 114 is greater than 0 V, there may be a second electrostatic force applied 

to the moveable electrode 108 in a direction opposite to that of the first second 

15 electrostatic force. As such, actuation of the moveable electrode 108 may start when the 

first electrostatic force is greater than the second electrostatic force and the adhesion 

force between the moveable electrode 108 and the drain electrode 112 and the source 

electrode 114. The distance x between the moveable electrode 108 and the drain electrode 

112 and the source electrode 114 may be greater than 0 but smaller than the Van der 

20 Waals distance dvd,v. The Van der Waals distance clvd, may have a range between about 

Onm and about 5 nm. No or negligible discharge of the moveable electrode 108 may 

occur. 
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[0045] 	Figure 5e shows a second electrostatic force (Felec_up)  in a direction 506 facing 

towards the drain electrode 112 and the source electrode 114 applied to the moveable 

electrode 108. Redistribution of charges may occur. The second electrostatic force 

(Felec_up) may naturally build up due to redistribution of charges to the drain electrode 112 

5 and the source electrode 114. 

[0046] 	Figure 9 shows a schematic diagram illustrating redistribution of charges. The 

moveable electrode 108 has a charge Qshuttie  and a voltage Vshuttie. The drain electrode 112 

has a charge qp and a voltage VD. The source electrode 114 has a charge qs  and a voltage 

Vs. The gate electrode 110 has a charge qgate  and a voltage Vgate. An air gap 902 between 

10 the moveable electrode 108 and the drain electrode 112 and the source electrode 114 has 

a distance of x and a charge of qup. An air gap 904 between the moveable electrode 108 

and the gate electrode 110 has a distance of (2dprx) and a charge of qbott„,„. 

[0047] 	The values of the charges can be calculated using the following equations: 

qD  = qs  

qD + 47S + q„p = 0 
qb,„,,,,, + qga„ = 0 

qv+ ghetto/71 =  Qshuttle 

= —17 	= 	
co' A 

q gate 	bottom 	 (VG —I/SHUTTLE (2d
gaP 

— x) 

A 	.„ eo • 	/. 
—(1D —  qv= 	q S = 	i r  SHUTTLE —70/S x  

15 [0048] 	The charge Qshutue  of the moveable electrode 108 can be found to be 

e0  • A 
--  Vgate Qshutde 2. d gap  

Before switching, the moveable electrode 108 may be charged by a fixed number of 

carriers (e.g. as shown in Figure 5b) and may then transfer this charge to the other side 
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(e.g. the drain electrode 112 and the source electrode 114) of the memory 100. The 

moveable electrode 108 may have a fixed charge while moving from the drain electrode 

112 and the source electrode 114 to the gate electrode 110. 

[0049] 	Based on the charge redistribution and on the capacitor equation Q=CV, the 

5 first electrostatic force FeIec_down and the second electrostatic force Feleo up which naturally 

build up during switching can be determined. The first electrostatic force Felec_down  may 

be determined using the equation: 

2 	 2 
q 	

fC q hp COM 	- 	A.,,  

Felec down 	 , 
2.60  • A 	2- so  • A ,  

the second electrostatic force Feke_ep  can be determined using the equation: 

2 
1 0 F 	qup 	= (qp+qs)

2 
= elec -up 	2 • so  • A 	2•co • A 

[0050] 	Figure 5f shows a case wherein the distance between the moveable electrode 

108 and the drain electrode 112 and the source electrode 114 and the distance between 

the moveable electrode 108 and the gate electrode 110 are the same. The voltage applied 

to the gate electrode 110 may change. The voltage applied to the gate electrode 110 may 

15 be reduced to about 0 V. Redistribution of charges may occur. 

[0051] 	Figure 5g shows the moveable electrode 108 moving towards and nearer to 

the gate electrode 110. The first electrostatic force applied to the moveable electrode 108 

may be greater than the second electrostatic force applied to the moveable electrode 108. 

[0052] 	Figure 5h shows the moveable electrode 108 reaching the gate electrode 110. 

20 There may be a discharge of the charges of the moveable electrode 108. 

[0053] 	Figure 5i shows the moveable electrode 108 contacting the gate electrode 110 

in a stable state. 
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[0054] 	Figures 5a to 5i uses the memory cell 100 shown in Figure 1 as an example to 

illustrate the movement of the moveable electrode 108. A skilled person would be able to 

derive the movement of the moveable electrode 108 in other memory cells (e.g. memory 

cells 100 shown in Figures 2 to 4) from the movement of the moveable 108 described 

5 above with reference to Figures 5a to 5i. Figures 5a to 5i illustrate the movement of the 

moveable electrode 108 from the at least one second electrode 106 (i.e. the drain 

electrode 112 and the source electrode 114) to the at least one first electrode 104 (i.e. the 

gate electrode 110). A skilled person would be able to derive the movement of the 

moveable electrode 108 from the at least one first electrode 104 (i.e. the gate electrode 

10 110) to the at least one second electrode 106 (i.e. the drain electrode 112 and the source 

electrode 114). 

[0055] 	Experimental results for the movement of the moveable 108 described above 

with reference to Figures 5a to 5i are illustrated in Figures 10 to 21. 

[0056] 	Figure 10 shows a graph 1000 of a shuttle position of the moveable electrode 

15 108 plotted against time. The shuttle position of the moveable electrode 108 refers to the 

distance that the moveable electrode 108 travels from an initial position (e.g. the at least 

one second electrode 106 shown in Figure 5a). Graph 1000 shows that the moveable 

electrode 108 travels a distance of about 100 nm in about 280 ns when the voltage 

applied to the gate electrode 110 is about 10V. This section of graph 1000 illustrates the 

20 movement of the moveable electrode 108 shown in Figures 5a to 5f. The movement of 

the moveable electrode 108 shown in Figures 5a to 5f can be referred as an accelerated 

flight. 
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[0057] 	Graph 1000 also shows that the moveable electrode 108 travels a further 

distance of about 100 nm before contacting the gate electrode 110 after the voltage 

applied to the gate electrode 110 is reduced from about 10 V to about 0 V. This section of 

graph 100 illustrates the movement of the moveable electrode 108 shown in Figures 5f to 

5 5i. The movement of the moveable electrode 108 shown in Figures 5f to 5i can be 

referred as a free flight. It can be observed from graph 1000 that the moveable electrode 

108 takes about 397 ns to reach the gate electrode 110. 

[0058] 	Figure 11 shows a graph 1100 of a speed of the moveable electrode 108 

plotted against time. It can be observed from graph 1100 that the speed of the moveable 

10 electrode 108 increases from 0 m/s to 0.82 m/s during the accelerated flight and the speed 

of the moveable electrode 108 increases from 0.82 m/s to 0.94 m/s during the free flight. 

100591 	Figure 12 shows a graph 1200 of a shuttle voltage plotted against a shuttle 

displacement. Shuttle voltage refers to the voltage of the moveable electrode 108 

throughout the switching process of the moveable electrode 108 from the at least one first 

15 electrode 104 to the at least one second electrode 106 or vice versa (e.g. from the at least 

one second electrode 106 to the at least one first electrode 104 shown in Figure 5). 

Shuttle displacement refers to the distance travelled by the moveable electrode 108 from 

an initial position (e.g. the at least one second electrode 106 shown in Figure 5a). It can 

be observed from graph 	1000 that the shuttle voltage increases as the shuttle 

20 displacement increases (i.e. as the moveable electrode 108 moves towards the gate 

electrode 110 (e.g. as shown in Figures 5a to 5e)) and reaches a maximum value when the 

shuttle displacement reaches about 100 nm (e.g. as shown in Figure 5f). The shuttle 

voltage decreases from the maximum value to a minimum value as the voltage applied to 
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the gate electrode 110 is reduced from about 10 V to about 0 V. The shuttle voltage 

increases from the minimum value as the shuttle displacement increases from about 100 

nm (i.e. as the moveable electrode 108 continues to move towards the gate electrode 110 

(e.g. as shown in Figures 5g to 5h)) and becomes 0 V when the shuttle displacement 

5 reaches about 200 um (i.e. when the moveable electrode 108 contacts the gate electrode 

110 (e.g. as shown in Figure 5i)). Cold switching is used for the memory 100 to obtain a 

better reliability. 

[0060] 	Figure 13 shows a graph 1300 of charge plotted against shuttle displacement. 

Plot 1302 shows a charge of the gate electrode 110 plotted against the shuttle 

10 displacement of the moveable electrode 108. Plot 1304 shows a charge of the air gap 902 

between the moveable electrode 108 and the drain electrode 112 and the source electrode 

114 plotted against the shuttle displacement of the moveable electrode 108. Plot 1306 

shows a charge of the drain electrode 112 plotted against the shuttle displacement of the 

moveable electrode 108. Plot 1306 also shows a charge of the source electrode 114 

15 plotted against the shuttle displacement of the moveable electrode 108. Plot 1308 shows a 

charge of the air gap 904 between the moveable electrode 108 and the drain electrode 112 

plotted against the shuttle displacement of the moveable electrode 108. Plot 1310 shows a 

charge of the moveable electrode 108 plotted against the shuttle displacement of the 

moveable electrode 108. 

20 [0061] 	It can be observed from plot 1302 and plot 1304 that the charge of the gate 

electrode 110 and the charge of the air gap 902 increase as the shuttle displacement 

increases (i.e. as the moveable electrode 108 moves towards the gate electrode 110 (e.g. 

as shown in Figures 5a to 5e)) and reach a respective maximum value when the shuttle 
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displacement reaches about 100 nm (e.g. as shown in Figure 5f). The charge of the gate 

electrode 110 and the charge of the air gap 902 then decrease from respective maximum 

value to a respective minimum value. The charge of the gate electrode 110 and the charge 

of the air gap 902 increase from the respective minimum value as the shuttle 

5 displacement increases from about 100 nm (i.e. as the moveable electrode 108 continues 

to move towards the gate electrode 110 (e.g. as shown in Figures 5g to 5h)) until the 

shuttle displacement reaches about 200 nrn (i.e. the moveable electrode 108 contacts the 

gate electrode 110 (e.g. as shown in Figure 5i)). The charge of the air gap 902 is 0 when 

the shuttle displacement reaches about 200 nm. 

10 [0062] 	It can be observed from plot 1306 and plot 1308 the charge of the drain 

electrode 112, the charge of the source electrode 114 and the charge of the air gap 904 

decrease as the shuttle displacement increases (i.e. as the moveable electrode 108 moves 

towards the gate electrode 110 (e.g. as shown in Figures 5a to 5e)) and reach a respective 

minimum value when the shuttle displacement reaches about 100 nm (e.g. as shown in 

15 Figure 5f). The charge of the drain electrode 112, the charge of the source electrode 114 

and the charge of the air gap 904 increase from the respective minimum value to a 

respective maximum value and then decrease from the respective maximum value as the 

shuttle displacement increases from about 100 nm (i.e. as the moveable electrode 108 

continues to move towards the gate electrode 110 (e.g. as shown in Figures 5g to 5h)) 

20 until the shuttle displacement reaches about 200 nm (i.e. the moveable electrode 108 

contacts the gate electrode 110 (e.g. as shown in Figure 5i)). The charge of the drain 

electrode 112 and the charge of the source electrode 114 are 0 when the shuttle 

displacement reaches about 200 um. 
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[0063] 	It can be observed from plot 1310 that the charge of the moveable electrode 

108 is fixed (i.e. does not change) as the shuttle displacement increases from 0 nm to 200 

nm (i.e. as the moveable electrode 108 moves from the drain electrode 112 and the source 

electrode 114 to the gate electrode 110 (e.g. as shown in Figures 5a to 5i)). In one 

5 embodiment, the charge of the moveable electrode 108 may be about -1.77 x 10.15  

couloumb (C). 

[0064] 	Figure 14 shows a graph 1400 of electrostatic forces plotted against shuttle 

displacement. Plot 1402 shows a first electrostatic force Felec_down applied on the 

moveable electrode 108 plotted against the shuttle displacement of the moveable 

10 electrode 108. Plot 1404 shows a second electrostatic force Fek, up applied on the 

moveable electrode 108 plotted against the shuttle displacement of the moveable 

electrode 108. 

[0065] 	It can be observed from plot 1402 that the first electrostatic force Felecdown 

increases as the shuttle displacement increases (i.e. as the moveable electrode 108 moves 

15 towards the gate electrode 110 (e.g. as shown in Figures 5a to 5e)) and reaches a 

maximum value when the shuttle displacement reaches about 100 nm (e.g. as shown in 

Figure 5f). The first electrostatic force Fejec_ down decreases from the maximum value to a 

minimum value as the voltage applied to the gate electrode 110 is reduced from about 

10V to about 0 V. The first electrostatic force Felecdown  increases from the minimum 

20 value as the shuttle displacement increases from about 100 urn (i.e. as the moveable 

electrode 108 continues to move towards the gate electrode 110 (e.g. as shown in Figures 

5g to 5h)) until the shuttle displacement reaches about 200 nm (i.e. the moveable 

electrode 108 contacts the gate electrode 110 (e.g. as shown in Figure 5i)). 
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[0066] 	It can be observed from plot 1404 that the second electrostatic force Felec up 

increases from 0 as the shuttle displacement increases (i.e. as the moveable electrode 108 

moves towards the gate electrode 110 (e.g. as shown in Figures 5a to 5e)) and reaches a 

maximum value when the shuttle displacement reaches about 100 nm (e.g. as shown in 

5 Figure 5f). The second electrostatic force Felec_up  decreases from the maximum value as 

the shuttle displacement increases from about 100 nm (i.e. as the moveable electrode 108 

continues to move towards the gate electrode 110 (e.g. as shown in Figures 5g to 5h)) and 

becomes 0 when the shuttle displacement reaches about 200 nm (i.e. when the moveable 

electrode 108 contacts the gate electrode 110 (e.g. as shown in Figure 5i)). 

10 [0067] 	The moveable electrode 108 is preferably controlled by a pulse voltage to 

avoid rebound of the moveable electrode 108 after contacting the at least one first 

electrode 104 or the at least one second electrode 106. The pulse voltage may be the 

voltage applied to the at least one first electrode 104 if the moveable electrode 108 is 

moving from the at least one second electrode 106 to the at least one first electrode 104. 

15 The pulse voltage may be the voltage applied to the at least one second electrode 106 if 

the moveable electrode 108 is moving from the at least one first electrode 104 to the at 

least one second electrode 106. With reference to Figure 5, the pulse voltage is the 

voltage applied to the gate electrode 110. The pulse voltage may be a single squared 

pulse. 

20 [0068] 	In one embodiment, a pulse voltage equal to or higher than a switching 

voltage applied to the gate electrode 110 may cause the moveable electrode 108 to move 

to the gate electrode 110 (assuming that the voltage applied to the drain electrode 112 and 

the source electrode 114 is about 0 V). A DC voltage equal to or higher than a switching 
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voltage applied to the drain electrode 112 and the source electrode 114 may cause the 

moveable electrode 108 to move to the drain electrode 112 and the source electrode 114 

(assuming that the voltage applied to the source electrode 110 is about 0 V). 

[0069] 	Figure 15a shows a graph of a shuttle position of the moveable electrode 108 

5 plotted against time. The shuttle position of the moveable electrode 108 refers to the 

distance that the moveable electrode 108 travels from an initial position (e.g. the at least 

one second electrode 106 as shown in Figure 5a). Plot 1502 shows the shuttle position of 

the moveable electrode 108 plotted against time when the voltage applied to the gate 

electrode 110 (VG) is reduced from 10 V to 0 V when the moveable electrode 108 is at a 

10 shuttle position of about 25 nm. Plot 1502 shows that the moveable electrode 108 moves 

back to the initial position. The pulse of the voltage applied to the gate electrode 110 (VG) 

is too short if the voltage applied to the gate electrode 110 (VG) is reduced from 10 V to 0 

V when the moveable electrode 108 is at a shuttle position of about 25 nm. Thus, there is 

no switching of the state of the moveable electrode 108. 

15 [0070] 	Plot 1504 shows the shuttle position of the moveable electrode 108 plotted 

against time when the voltage applied to the gate electrode 110 (VG) is reduced from 10 

V to 0 V when the moveable electrode 108 is at a shuttle position of about 26 nm. Plot 

1504 shows that the movement of the moveable electrode 108 from the initial position (in 

this case, the drain electrode 112 and the source electrode 114) to the gate electrode 110 

20 takes about 1050 ns. 

[0071] 	Plot 1506 shows the shuttle position of the moveable electrode 108 plotted 

against time when the voltage applied to the gate electrode 110 (VG) is reduced from 10 

V to 0 V when the moveable electrode 108 is at a shuttle position of about 100 nm. Plot 
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1506 shows that the movement of the moveable electrode 108 from the initial position (in 

this case, the drain electrode 112 and the source electrode 114) to the gate electrode 110 

takes about 400 ns. 

[0072] 	Comparing plot 1504 and plot 1506, the switching of the moveable electrode 

5 108 from the initial position (in this case, the drain electrode 112 and the source electrode 

114) to the gate electrode 110 is faster when the voltage applied to the gate electrode 110 

(VG) is reduced from 10 V to 0 V when the moveable electrode 108 is at a shuttle 

position of about 100 nm. 

[0073] 	Plot 1508 shows the shuttle position of the moveable electrode 108 plotted 

10 against time when the voltage applied to the gate electrode 110 (VG) is maintained at 10V 

as the moveable electrode 108 moves from the initial position (in this case, the drain 

electrode 112 and the source electrode 114) to the gate electrode 110. The pulse of the 

voltage applied to the gate electrode 110 (VG) is too long if the voltage applied to the gate 

electrode 110 (VG) is maintained at 10V as the moveable electrode 108 moves from the 

15 initial position (in this case, the drain electrode 112 and the source electrode 114) to the 

gate electrode 110. As such, the moveable electrode 108 may rebound after contacting 

the gate electrode 110. 

[0074] 	In order to avoid a pendulum effect of the moveable electrode 108, a pulse 

duration of the voltage applied to the gate electrode 110 (VG) is preferred to be shorter 

20 than the switching time (i.e. time taken for the moveable electrode 108 to move from the 

at least one first electrode 104 to the at least one second electrode 106 or vice versa). For 

example, the pulse duration of the voltage applied to the gate electrode 110 (VG) may be 

half of the switching time. 
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[0075] 	Figure 15b shows a graph 1510 of a speed of the moveable electrode 108 

plotted against time. Graph 1510 shows the change in the speed of the moveable 

electrode 108 as the moveable electrode 108 travels along a path indicated by plot 1504 

of Figure 15a. The moveable electrode 108 has a maximum speed at about 150 ns. The 

5 moveable electrode 108 has a maximum speed at the end of the accelerated flight (e.g. at 

the point where the voltage applied to the gate electrode 110 (VG) is reduced from 10 V 

to 0 V). The moveable electrode 108 has a minimum speed at about 600 ns. The 

moveable electrode 108 has a minimum speed when the moveable electrode 108 is in the 

middle of the total travel distance (e.g. when the distance between the moveable electrode 

10 108 and the gate electrode 110 and the distance between the moveable electrode 108 and 

the drain electrode 112 and the source electrode 114 are about the same). The switching 

energy is about 2.3 fJ. 

[0076] 	Figure 15c shows a graph 1512 of a speed of the moveable electrode 108 

plotted against time. Graph 1512 shows the change in the speed of the moveable 

15 electrode 108 as the moveable electrode 108 travels along a path indicated by plot 1508 

of Figure 15a. The speed of the moveable electrode 108 increases as the moveable 

electrode 108 moves from the drain electrode 112 and the source electrode 114 to the 

gate electrode 110. The switching energy is about 17.7 fJ. 

[0077] 	Figure 15d shows a graph 1514 of a speed of the moveable electrode 108 

20 plotted against time. Graph 1514 shows the change in the speed of the moveable 

electrode 108 as the moveable electrode 108 travels along a path indicated by plot 1502 

of Figure 15a. The speed of the moveable electrode 108 increases to a maximum value 

and decreases to 0 as the moveable electrode 108 moves from the drain electrode 112 and 
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the source electrode 114 to the gate electrode 110. The speed of the moveable electrode 

108 decreases below 0 as the moveable electrode 108 moves back to the initial position 

(i.e. moves back to the drain electrode 112 and the source electrode 114). 

[0078] 	The pulse duration and the amplitude of the voltage applied to the at least one 

5 first electrode 104 or the at least one second electrode 106 can be two main parameters 

for controlling the switching of the memory cell 100 between the two states, i.e. the 

movement of the moveable electrode 108 between the at least one first electrode 104 and 

the at least one second electrode 106. Further, there is a trade-off between the pulse 

duration of the voltage applied to the at least one first electrode 104 or the at least one 

10 second electrode 106 and the switching time. 

[0079] 	Figure 16 illustrates a movement of the moveable electrode 108. The 

movement illustrated in Figure 16 corresponds to the movement of the moveable 

electrode 108 described above with reference to Figure 5. The flight of the moveable 

electrode 108 is separated into accelerated flight (e.g. VG  > 0) and free flight (e.g. VG  = 

15 0). Time to refers to the time at which a voltage is applied to the gate electrode 110 and 

the moveable electrode 108 is charged (e.g. as shown in Figure 5b). Time ti refers to the 

time at which the voltage applied to the gate electrode 110 is reduced to 0 V (e.g. as 

shown in Figure 5f). Time ti may be referred as pulse turn-off time. Time t2  refers to the 

time at which the moveable electrode 108 contacts the gate electrode 110 (e.g. as shown 

20 in Figure 5i). Time t2  may be referred as landing time. 

[0080] 	According to Newton's second law of motion, 

2 
d 2X(i) _ q 13071031 	q

2 

	

UP 	_ 	Q m 	 ( dgap •Q+A•go(Vms —Vo)+Q•x(0) 
dt 2 	2 . co  • A 	2.go •A 	2.go •A•ds, 

A constant K can be represented by: 



30 

5 

10 

15 

20 

x 

In 

K=112. A•so •dgap •rn 

one embodiment, the constant K may have a value of about 3.76 x 1022  Gs. 
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A relationship between time t1  and time t2  can be represented by: 
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whereby 

m is mass of the moveable electrode 108; 

is the distance travelled by the moveable electrode 108; 

is the dielectric constant of vacuum (8.85 x 1042  F/m); 

A is an area of a surface of the moveable electrode 108 facing the at least one first 

104 or the at least one second electrode 106; 

is the distance between the moveable electrode 108 and the at least one first electrode 

or the at least one second electrode 106; 

VD/S is the voltage applied on the drain electrode 112 and the source electrode 114 

VG is the voltage applied on the gate electrode 110; 

Q is the charge of the moveable electrode 108; 

QB0TT0M is the charge of the air gap between the moveable electrode 108 and the gate 

electrode 110; 



31 

Qu 	is the charge of the air gap between the moveable electrode 108 and the drain 

electrode 112 and the source electrode 114. 

In one embodiment, the mass of the moveable electrode 108 may be about 2 x 10-14  kg. 

[0081] 	Based on Newton's equation of motion, switching time and switching energy 

5 are two important parameters. Figure 17 shows a graph 1700 of switching time and 

switching energy plotted against pulse duration of the voltage applied to the gate 

electrode 110. Plot 1702 shows a switching time plotted against pulse duration of the 

voltage applied to the gate electrode 110. It can be observed from plot 1702 that the 

switching time decreases as the pulse duration of the voltage applied to the gate electrode 

10 110 increases. Plot 1704 shows a switching energy plotted against pulse duration of the 

voltage applied to the gate electrode 110. It can be observed from plot 1704 that the 

switching energy increases as the pulse duration of the voltage applied to the gate 

electrode 110 increases. 

100821 	Figure 17 shows a range 1706 of pulse duration of the voltage applied to the 

15 gate electrode 110 which can result in the moveable electrode 108 to return to its initial 

position (e.g. the drain electrode 112 and the source electrode 114 as shown in Figure 5a). 

Figure 17 also shows a range 1708 of pulse duration of the voltage applied to the gate 

electrode 110 which can result in the moveable electrode 108 to rebound after contacting 

its final position (e.g. the gate electrode as shown in Figure 5i). 

20 [0083] 	Figure 18 shows a diagram illustrating an energy transfer of the moveable 

electrode 108. A power supply 1802 results in a charging energy 1804 of the moveable 

•  
electrode 108. The charging energy 1804 can be obtained by E = CV2  = 

E° 
 A VG  The . 

2d gap 

charging energy 1804 of the moveable electrode 108 is converted into kinetic energy 
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1806 as the moveable electrode 108 travels towards the gate electrode 110. Kinetic 

energy 1806 can be calculated via multiple differential equations and Newton's law of 

1 	2 motion. Kinetic energy can be obtained using —m 
fi

v 	, where vfmai is the speed of the 
nal  2  

moveable electrode 108 when the moveable electrode 108 contacts the gate electrode 

5 110. Energy 1808 may also be returned back to the charge reservoir if the voltage applied 

to the gate electrode 110 is turned off before the moveable electrode 108 contacts the gate 

electrode 110. This may be caused by charge redistribUtion on the gate electrode 110, the 

drain electrode 112 and the source electrode 114. The kinetic energy 1806 is then 

converted into thermal energy 1810 when the moveable electrode 108 contacts the gate 

10 electrode 110. 

10084] 	Referring back to Figure 17, plot 1704 corresponds to the kinetic energy of the 

moveable electrode 108. Point 1710 corresponds to the charging energy of the moveable 

electrode 108. 

[00851 	Figure 19 shows a graph 1900 of a switching time and a switching energy of 

15 the moveable electrode 108 plotted against pulse duration of the voltage applied on the 

gate electrode 110 respectively. Plot 1902 shows a switching time of the moveable 

electrode 108 having an area of 21.Lm x 2pm plotted against pulse duration of the voltage 

applied on the gate electrode 110. Plot 1902 also shows a switching time of the moveable 

electrode 108 having an area of 0.511rn x 0.51.tm plotted against pulse duration of the 

20 voltage applied on the gate electrode 110. The switching time does not vary due to 

changes in the area of the moveable electrode 108. 

[00861 	Plot 1904 shows a switching energy of the moveable electrode 108 having an 

area of 2p,m x 21.tm plotted against pulse duration of the voltage applied on the gate 
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electrode 110. Plot 1904 shows a switching energy of the moveable electrode 108 having 

an area of 0.51.1m x 0.51Am plotted against pulse duration of the voltage applied on the 

gate electrode 110. The switching energy of the moveable electrode 108 decreases when 

the area of the moveable electrode 108 is smaller (considering that the mass of the 

5 moveable electrode 108 is smaller when the area of the moveable electrode 108 is 

smaller). 

[0087] 	Figure 20 shows a graph 2000 of a switching time and a switching energy of 

the moveable electrode 108 plotted against pulse duration of the voltage applied on the 

gate electrode 110 respectively. Plot 2002 shows a switching time of the moveable 

10 electrode 108 plotted against pulse duration of the voltage applied on the gate electrode 

110 for an air gap distance dgap  of 100 nm. Plot 2004 shows a switching time of the 

moveable electrode 108 plotted against pulse duration of the voltage applied on the gate 

electrode 110 for an air gap distance dgap of 50 mn. The switching time of the moveable 

electrode 108 decreases when the air gap distance dgap  is shorter. 

15 [0088] 	Plot 2006 shows a switching energy of the moveable electrode 108 plotted 

against pulse duration of the voltage applied on the gate electrode 110 for an air gap 

distance dgap  of 100 nm. Plot 2008 shows a switching energy of the moveable electrode 

108 plotted against pulse duration of the voltage applied on the gate electrode 110 for an 

air gap distance dgap  of 50 run. The switching energy increases when the air gap distance 

20 dgap  is shorter. A smaller air gap distance dgap  results in a larger capacitance. Since the 

switching energy is proportional to the capacitance, the switching energy is higher for a 

smaller air gap distance dgap. 
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[0089] 	Figure 21 shows a graph 2100 of a switching time and a switching energy of 

the moveable electrode 108 plotted against pulse duration of the voltage applied on the 

gate electrode 110 respectively. Plot 2102 shows a switching time of the moveable 

electrode 108 having a thickness of 300 nm plotted against pulse duration of the voltage 

5 applied on the gate electrode 110. Plot 2104 shows a switching time of the moveable 

electrode 108 having a thickness of 100 nm plotted against pulse duration of the voltage 

applied on the gate electrode 110. The switching time decreases when the thickness of the 

moveable electrode 108 is smaller. 

[0090] 	Plot 2106 shows a switching energy of the moveable electrode 108 having a 

10 thickness of 300 nm plotted against pulse duration of the voltage applied on the gate 

electrode 110. Plot 2108 shows a switching energy of the moveable electrode 108 having 

a thickness of 100 nm plotted against pulse duration of the voltage applied on the gate 

electrode 110. The switching energy decreases when the thickness of the moveable 

electrode 108 is smaller. 

15 [0091] 	Figure 22 shows a graph 2200 of a switching time and a switching energy of 

the moveable electrode 108 plotted against pulse duration of the voltage applied on the 

gate electrode 110 respectively. Plot 2202 shows a switching time of the moveable 

electrode 108 plotted against pulse duration of the voltage applied on the gate electrode 

110 for a voltage of 10 V applied on the gate electrode 110. Plot 2204 shows a switching 

20 time of the moveable electrode 108 plotted against pulse duration of the voltage applied 

on the gate electrode 110 for a voltage of 5 V applied on the gate electrode 110. The 

switching time increases when the voltage applied on the gate electrode 110 is lower. 
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[0092] 	Plot 2206 shows a switching energy of the moveable electrode 108 plotted 

against pulse duration of the voltage applied on the gate electrode 110 for a voltage of 10 

V applied on the gate electrode 110. Plot 2208 shows a switching energy of the moveable 

electrode 108 plotted against pulse duration of the voltage applied on the gate electrode 

5 110 for a voltage of 5 V applied on the gate electrode 110. The switching energy 

decreases when the when the voltage applied on the gate electrode 110 is lower. 

[0093] 	The memory cell 100 is non-volatile nano-electromechanical (NEM) memory 

which can exploit both electrical and mechanical properties of nano-scale systems. The 

memory cell 100 replaces storage media with a bistable mechanical component (e.g. 

10 moveable electrode 108). Information is stored in the bistable mechanical structure. 

[0094] 	The operation of the shuttle memory cell 100 is based on the commuting of a 

free flying electrode (the shuttle, e.g. the moveable electrode 108) placed between e.g. a 

bottom fixed electrode (Gate) and two anchored electrodes (Drain and Source). The 

anchorless moveable electrode 108 is placed inside a guiding cavity, and vertically 

15 switches from e.g. one fixed electrode (e.g. gate electrode 110) to another pair of fixed 

electrodes (e.g. drain electrode 112 and source electrode 114). The moveable electrode 

108 has two stable mechanical positions. The guiding cavity 118 of the memory cell 110 

has a double air-gap geometry which can ensure that the moveable electrode 108 is 

actively actuated towards the two stable positions. 

20 [0095] 	The switching voltage is dependent on the actuation air gaps. A low switching 

voltage can be achieved. There is no hard-bound limitation in the switching voltage. The 

switching voltage may be a pulsed voltage. Thus, the memory cell 100 can provide a 

pulse mode switching of the moveable electrode 108 between the two positions. The 
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switching voltage does not depend on planar dimensions of the moveable electrode 108. 

In other words, the switching voltage is independent from the area of the moveable 

electrode 108. Therefore, a large structure of the moveable electrode 108 is not needed. 

Thus, a compact design of the memory cell 100 can be provided. 

5 [0096] 	Forces acting on the moveable electrode 108 may include (i) the electrostatic 

force, (ii) adhesion forces between the shuttle and fixed electrodes, (iii) damping forces 

during transients, and (iv) the gravity. The moveable electrode 108 may be actuated by 

electrostatic forces. As such, a fast switching and energy efficient way of moving the 

moveable electrode 108 between the at least one first electrode 104 and the at least one 

10 second electrode 106 can be provided. Further, electro-mechanical bi-stability and 

permanent retention can be obtained by adhesion forces. Thus, leakage observed in 

storage layers used in conventional memory cells can be eliminated. 

[0097] 	No elastic anchors are used for the moveable electrode 108 as the gravity 

force is found to be negligible compared to adhesion forces (e.g. at least 4 decades). As 

15 such, the memory cell 100 is not sensitive to elastic fatigue. An anchorless design of the 

memory cell 100 makes the memory cell 100 scalable. The scalability of the memory cell 

100 may eliminate many causes of failure or operation drifts (e.g. beam fatigue, residual 

stress, and device to device mismatch) and may facilitate cell design and modeling. Thus, 

the free flying moveable electrode 108 can provide a robust, compact and scalable design 

20 for the memory cell 100. Using an anchorless shuttle, the design of the memory cell 100 

is highly eased compared to conventional NEM structures. 

[0098] 	The memory cell 100 can overcome high temperature HT limitations (e.g. 

having seamless operation from room temperature up to 300°C). The memory cell 100 
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can provide high switching speed, high reliability, low variability and high density. The 

memory cell 100 can be vibration insensitive. 

[0099] 	In addition, memory detection/reading may be ohmic, with a large and non- 

temperature sensitive ratio between ON and OFF levels (e.g. ION/TOFF  ratio). The circuit 

5 design (e.g. memory addressing design) may be eased. More than about 10G ON/OFF 

cycles may be carried out without failure which is higher than FLASH memory. 

[0100] 	A memory bit area in the range of 4F2  with a calculated switching time in the 

range of 1 Ons to 100ns can be achievable for the memory cell 100. Memory reading for 

the memory cell may be very fast (e.g. <50 ns/bft). Further, the memory cell 100 can 

10 provide a symmetrical (bi-directional) read. The memory cell 100 can also provide simple 

READ, WRITE, HOLD, RESET control. 

[0101] 	The memory cell 100 can provide a simple and compact NEM structure for 

low-cost, high-density and high temperature non-volatile memory (NVM) applications. 

The memory cell 100 can be used in medium density non-volatile memory arrays for high 

15 temperature or harsh applications (e.g. industrial, automotive, oil and gas, defence, 

aerospace, etc). The memory cell 100 can be used for low voltage and low cost embedded 

memories. 

[0102] 	The memory cell 100 may be used for characterization of adhesion forces, 

analysis of tunnel/ohmic contacts or nano-electro-mechanical logic operations. The 

20 memory cell 100 may be used as a gas sensor, a pressure sensor or a shock detector. The 

memory cell 100 may also be used for memory bit demonstrator and memory bit 

optimization. 
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[0103] 	It is desirable for the memory cell 100 to operate under vacuum in order to 

avoid air damping effect. The memory cell 100 may be further scaled for high density 

memory arrays, may be packaged under vacuum to prevent dust, damping or humidity 

from affecting switching operations (for contact protection and increasing switching 

5 speed), may be above-IC integrated for a proper array addressing scheme, may be co-

integrated or packaged with CMOS logic and/or may be combined with a NEM based 

logic or NEM switch. The memory cell 100 (e.g. a MEMS memory) and a MEMS logic 

may be formed on the same substrate. 

[0104] 	Figure 23 shows a flowchart 2300 of a process for manufacturing a memory 

10 cell. At 2302, a first metal layer is provided and the first metal layer is patterned to form 

at least one first electrode. At 2304, a first sacrificial layer is deposited above the first 

metal layer. At 2306, a second metal layer is deposited above the first sacrificial layer. At 

2308, a second sacrificial layer is deposited above the second metal layer. At 2310, a 

third metal layer is deposited above the second sacrificial layer. At 2312, a first sacrificial 

15 pillar structure is deposited at one side of the first sacrificial layer, the second metal layer, 

the second sacrificial layer and the third metal layer, and a second sacrificial pillar 

structure is deposited at the other side of the first sacrificial layer, the second metal layer, 

the second sacrificial layer and the third metal layer. At 2314, a first insulator layer is 

deposited above the third metal layer, the first sacrificial pillar structure, the second 

20 sacrificial pillar structure and the first metal layer. At 2316, an opening is etched in the 

first insulator layer to expose a portion of the third metal layer. At 2318, a fourth metal 

layer is deposited above the first insulator layer and the exposed portion of the third metal 

layer. At 2320, an opening is etched in the fourth metal layer and the third metal layer to 
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form at least one second electrode. At 2322, the first sacrificial layer, the second 

sacrificial layer, the first sacrificial pillar structure and the second sacrificial pillar 

structure are removed to form a moveable electrode and to provide a cavity for guiding 

movement of the moveable electrode between the at least one first electrode and the at 

5 least one second electrode. 

[01051 	In one embodiment, the first insulator layer may be deposited by plasma 

enhanced chemical vapor deposition. The first sacrificial layer, the second sacrificial 

layer, the first sacrificial pillar structure and the second sacrificial pillar structure may be 

removed using hydrofluoric acid vapor. The first metal layer may be deposited above a 

10 second insulator layer. The second insulator layer may be deposited above a substrate. 

The first metal layer may be deposited by physical vapor deposition. The second insulator 

layer may be deposited by low pressure chemical vapor deposition. 

15 

[0106] 	The first metal layer, the second metal layer, the third metal layer and the 

fourth metal layer may include but are not limited to tantalum nitride, titanium nitride, 

ruthenium and molybdenum. The first sacrificial layer, the second sacrificial layer, the 

first sacrificial pillar structure and the second sacrificial pillar structure may include 

silicon dioxide. The first insulator layer and the second insulator layer may include but 

are not limited to silicon nitride, aluminum oxide and amorphous silicon. The substrate 

may include but is not limited to silicon and glass. 

20 [01071 	In one embodiment, the at least one first electrode may include a gate 

electrode, and the at least one second electrode may include a drain electrode and a 

source electrode. In another embodiment, the at least one first electrode may include a 

drain electrode and a source electrode, and the at least one second electrode may include 



40 

a gate electrode. In yet another embodiment, the at least one first electrode may include a 

gate electrode, a drain electrode and a source electrode, and the at least one second 

electrode may include a drain electrode and a source electrode. 

[0108] 	Figure 24 shows an exemplary process for manufacturing a memory cell. 

5 Figure 24a shows an insulator layer 2402 deposited above a substrate 2404. The insulator 

layer 2402 may be deposited by low pressure chemical vapor deposition (LPCVD). The 

insulator layer 2402 may include but is not limited to silicon nitride, aluminum oxide and 

amorphous silicon. The substrate 2404 may include but is not limited to silicon and glass. 

A first metal layer 2406 may be deposited above the insulator layer 2402. The first metal 

10 layer 2406 may be deposited by physical vapor deposition (PVD). The first metal layer 

2406 may be patterned to form at least one first electrode 104. The first metal layer 2406 

may include but is not limited to tantalum nitride, titanium nitride, ruthenium and 

molybdenum. 

[0109] 	Figure 24b shows a first sacrificial layer 2408 deposited above the first metal 

15 layer 2406. A second metal layer 2410 may be deposited above the first sacrificial layer 

2408. A second sacrificial layer 2412 may be deposited above the second metal layer 

2410. A third metal layer 2414 may be deposited above the second sacrificial layer 2412. 

A first sacrificial pillar structure 2416 may be deposited at one side of the first sacrificial 

layer 2408, the second metal layer 2410, the second sacrificial layer 2412 and the third 

20 metal layer 2414. A second sacrificial pillar structure 2418 may be deposited at the other 

side of the first sacrificial layer 2408, the second metal layer 2410, the second sacrificial 

layer 2412 and the third metal layer 2414. The first sacrificial layer 2408, the second 

sacrificial layer 2412, the first sacrificial pillar structure 2416 and the second sacrificial 
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pillar structure 2418 may include silicon dioxide. The second metal layer 2410 and the 

third metal layer 2414 may include but are not limited to tantalum nitride, titanium 

nitride, ruthenium and molybdenum. 

[0110] 	Figure 24c shows a further insulator layer 2420 deposited above the third 

5 metal layer 2414, the first sacrificial pillar structure 2416, the second sacrificial pillar 

structure 2418 and the insulator layer 2202. The further insulator layer 2420 may be 

deposited by plasma enhanced chemical vapor deposition (PECVD). An opening 2422 

may be etched in the further insulator layer 2420 to expose a portion 2424 of the third 

metal layer 2414. The further insulator layer 2420 may include but is not limited to 

10 silicon nitride, aluminum oxide and amorphous silicon. 

[0111] 	Figure 24d shows a fourth metal layer 2426 deposited above the further 

insulator layer 2420 and the exposed portion 2424 of the third metal layer 2414. In other 

words, the fourth metal layer 2426 may be deposited in the opening 2422. An opening 

2428 may be etched in the fourth metal layer 2426 and the third metal layer 2414 to form 

15 at least one second electrode 106. The fourth metal layer 2426 may include but is not 

limited to tantalum nitride, titanium nitride, ruthenium and molybdenum. 

[0112] 	Figure 24e shows the first sacrificial layer 2408, the second sacrificial layer 

2412, the first sacrificial pillar structure 2416 and the second sacrificial pillar structure 

2418 being removed to form a moveable electrode 108 and to provide a cavity 118 for 

20 guiding movement of the moveable electrode 108 between the at least one first electrode 

104 and the at least one second electrode 106. The first sacrificial layer 2408, the second 

sacrificial layer 2412, the first sacrificial pillar structure 2416 and the second sacrificial 

pillar structure 2418 may be removed using hydrofluoric acid vapor. A memory cell 100 
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is formed. The at least one first electrode 104 includes a gate electrode 110 and the at 

least one second electrode 106 includes a drain electrode 112 and a source electrode 114. 

The memory cell 100 shown in Figure 24e corresponds to the memory cell 100 of Figure 

1. 

5 [0113] 	In summary, Figure 24 describes a 4-mask process using silicon nitride as 

buffer material and guiding pod, metal for electrodes and the shuttle, and silicon oxide as 

sacrificial material. The structure of the memory cell 100 is processed by standard micro-

machining steps of layer deposition, photolithography, etching and annealing. In one 

embodiment, tantalum nitride (TaN) is used for metal electrodes as it is a hard material 

10 and does not tarnish or oxidize easily, even at high temperature. The process of 

manufacturing the memory cell 100 is simple and inexpensive. No expensive materials 

are used for manufacturing the memory cell 100. 

[0114] 	Figure 27 shows an exemplary process for manufacturing a memory cell. 

Figure 27a shows that a first insulator layer 2702 is deposited above a substrate 2704 and 

15 a second insulator layer 2706 is deposited above the first insulator layer 2702. The first 

insulator 2702 may be deposited by low pressure chemical vapor deposition (LPCVD). 

The first insulator 2702 may include silicon nitride. The first insulator 2702 may have a 

thickness of about 300 nm. The second insulator layer 2706 may be deposited by atomic 

layer deposition (ALD). The second insulator layer 2706 may include aluminum oxide. 

20 The second insulator layer 2706 may have a thickness of about 50 nm. 

[0115] 	Figure 27b shows that a first metal layer 2708 is deposited above the second 

insulator layer 2706 and is etched to form at least one first electrode 104. The at least one 

first electrode 104 includes a drain electrode 202 and a source electrode 204. The first 
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metal layer 2708 may be deposited by physical vapor deposition (PVD). The first metal 

layer 2708 may include molybdenum. The first metal layer 2708 may have a thickness of 

about 300 nm. 

[0116] 	Figure 27c shows that a first sacrificial layer 2710 is deposited above the first 

5 metal layer 2708 and the second insulator layer 2706 and is etched to planarize the first 

sacrificial layer 2710. The first sacrificial layer 2710 is etched to expose the first metal 

layer 2708. The first sacrificial layer 2710 may be deposited by plasma enhanced 

chemical vapor deposition (PECVD). The first sacrificial layer 2710 may be etched by 

chemical mechanical planarization/polishing (CMP). The first sacrificial layer 2710 may 

10 include silicon dioxide. The first sacrificial layer 2710 may a thickness equal to or more 

than 300 nm. 

[0117] 	Figure 27d shows that a second sacrificial layer 2712 is deposited above the 

first sacrificial layer 2710. The second sacrificial layer 2712 may be deposited by plasma 

enhanced chemical vapor deposition (PECVD). The second sacrificial layer 2712 may 

15 include silicon dioxide. The second sacrificial layer 2712 may a thickness of about 150 

nm. 

[0118] 	Figure 27e shows that a second metal layer 2714 is deposited above the 

second sacrificial layer 2712 and is etched to desired dimensions for a moveable 

electrode 108. The second metal layer 2714 may be deposited by physical vapor 

20 deposition (PVD). The second metal layer 2714 may include molybdenum. The second 

metal layer 2714 may have a thickness of about 300 mn. 

10119] 	Figure 27f shows a third sacrificial layer 2716 is deposited above the second 

metal layer 2714 and the second sacrificial layer 2712. The third sacrificial layer 2716 is 
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etched to expose the second metal layer 2714 and to planarize the third sacrificial layer 

2716. The third sacrificial layer 2716 may be deposited by plasma enhanced chemical 

vapor deposition (PECVD). The third sacrificial layer 2716 may be etched by chemical 

mechanical planarization/polishing (CMP). The third sacrificial layer 2716 may include 

5 silicon dioxide. The third sacrificial layer 2716 may a thickness equal to or more than 300 

nm. 

[0120] 	Figure 27g shows a fourth sacrificial layer 2718 is deposited above the second 

metal layer 2714 and the third sacrificial layer 2716. The fourth sacrificial layer 2718 

may be deposited by plasma enhanced chemical vapor deposition (PECVD). The fourth 

10 sacrificial layer 2718 may include silicon dioxide. The fourth sacrificial layer 2718 may 

have a thickness of about 150 nm. 

[0121] 	Figure 27h shows that the first sacrificial layer 2710, the second sacrificial 

layer 2712, the third sacrificial layer 2716 and the fourth sacrificial layer 2718 are etched 

to expose portions 2720 of the first metal layer 2708 and portions 2722 of the second 

15 insulator layer 2706. The first metal layer 2708 may be slightly etched to allow proper 

etching of oxide in all areas. 

[0122] 	Figure 27i shows that the first sacrificial layer 2710, the second sacrificial 

layer 2712, the third sacrificial layer 2716 and the fourth sacrificial layer 2718 are etched 

to define spacer and contact pad area 2724. An overlap of the spacer may be negligible if 

20 the spacer is larger than the moveable electrode 108. 

[0123] 	Figure 27j shows that a third insulator layer 2726 is deposited along a 

boundary of the second insulator layer 2706, the first metal layer 2708, the second 

sacrificial layer 2712, the third sacrificial layer 2716 and the fourth sacrificial layer 2718. 
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The third insulator layer 2726 may be deposited by atomic layer deposition (ALD). The 

third insulator layer 2726 may include aluminum oxide. The third insulator layer 2726 

may have a thickness of about 50 nm. 

[0124] 	Figure 27k shows that a dielectric layer 2728 is deposited above the third 

5 insulator layer 2726. The dielectric layer 2728 may include silicon dioxide. The dielectric 

layer 2728 may have a high density and may have a thickness of about 1000 A. 

[0125] 	Figure 271 shows that a fourth insulator layer 2730 is deposited above the 

dielectric layer 2728 and is etched to expose portions 2732 of the dielectric layer 2728. 

The fourth insulator layer 2730 may be deposited by plasma enhanced chemical vapor 

10 deposition (PECVD). The fourth insulator layer 2730 may be etched by chemical 

mechanical planarization/polishing (CMP). The fourth insulator layer 2730 may include 

amorphous silicon. The fourth insulator layer 2730 may have a thickness of about 8000A. 

Annealing may be carried out for the fourth insulator layer 2730 at a temperature of about 

600°C to relieve stresses in the fourth insulator layer 2730. 

15 [0126] 	Figure 27m shows that the exposed portions 2732 of the dielectric layer 2728 

are etched to expose portions 2734 of the third insulator layer 2726 and portions 2736 of 

the dielectric layer 2728. Portions 2738 of the fourth insulator layer 2730 are also etched. 

10127] 	Figure 27n shows that a fifth insulator layer 2740 is deposited above the 

exposed portions 2734 of the third insulator layer 2726, the exposed portions 2736 of the 

20 dielectric layer 2728 and the fourth insulator layer 2730. The fifth insulator layer 2740 

may be deposited to seal and protect the dielectric layer 2728 and the fourth insulator 

layer 2730. The fifth insulator layer 2740 may be deposited by atomic layer deposition 
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(ALD). The fifth insulator layer 2740 may include aluminum oxide. The fifth insulator 

layer 2740 may have a thickness of about 50 nm. 

[0128] 	Figure 27o shows that the third insulator layer 2726 and the fifth insulator 

layer 2740 are etched to expose portions 2742 of the fourth sacrificial layer 2718. 

5 [0129] 	Figure 27p shows that a third metal layer 2744 is deposited above the fifth 

insulator layer 2740 and the exposed portions 2742 of the fourth sacrificial layer 2718. 

The third metal layer 2744 may be deposited by physical vapor deposition. The third 

metal layer 2744 may include molybdenum. The third metal layer 2744 may have a 

thickness of about 300 nrn. 

10 [0130] 	Figure 27q shows that the third metal layer 2744 is etched to form at least one 

second electrode 106. The at least one second electrode 106 includes a gate electrode 

206. Portions 2746 of the fifth insulator layer 2740 and portions 2748 of the fourth 

sacrificial layer 2718 are exposed. The third metal layer 2744 may be dry etched. 

[0131] 	Figure 27r shows that the first sacrificial layer 2710, the second sacrificial 

15 layer 2712, the third sacrificial layer 2716 and the fourth sacrificial layer 2718 are 

removed to form a moveable electrode 108 and to provide a cavity 118 for guiding 

movement of the moveable electrode 108 between the at least one first electrode 104 (e.g. 

the drain electrode 202 and the source electrode 204) and the at least one second 

electrode 106 (e.g. the gate electrode 206). The first sacrificial layer 2710, the second 

20 sacrificial layer 2712, the third sacrificial layer 2716 and the fourth sacrificial layer 2718 

may be removed using hydrofluoric acid vapor. A memory cell 100 is formed. The 

memory cell 100 shown in Figure 27r corresponds to the memory cell 100 of Figure 2. 
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[0132] 	In summary, an exemplary fabrication process for e.g. the memory cell 100 of 

Figure 2 may include depositing at least two fixed electrodes on top of an insulator layer, 

which is deposited on a substrate. A first sacrificial layer may be deposited and polished. 

An electrode may be deposited and etched to the designed dimensions of an anchorless 

5 shuttle (e.g. moveable electrode 108), A second sacrificial layer may be deposited and 

polished. The two sacrificial layers may be etched to the design dimensions. An insulator 

layer may be deposited. A structural material of the memory cell may be deposited. Then, 

the structure may be planarized and the guiding insulator may be locally etched to access 

the second sacrificial layer. A top conductive electrode may be deposited and etched. All 

10 sacrificial layers may be released by a specific etchant selective to other materials. 

[0133] 	In one embodiment, the memory cell 100 shown in Figure 24e may include a 

further gate electrode disposed above the drain electrode 112 and the source electrode 

114. Thus, the memory cell 100 shown in Figure 24e may correspond to the memory cell 

100 of Figure 3. 

15 [0134] 	In another embodiment, the at least one first electrode 104 may include a gate 

electrode, a drain electrode and a source electrode, and the at least one second electrode 

106 may include a drain electrode and a source electrode (e.g. the memory cell 100 of 

Figure 4). 

[0135] 	A skilled person would be able to derive the process of manufacturing the 

20 various embodiments of the memory cell from the processes described above. 

[0136] 	Figure 25 shows a schematic diagram of a memory array 2500. The memory 

array 2500 includes a plurality of memory cells (e.g. a first memory cell 2502a, a second 

memory cell 2502b, a third memory cell 2502c, and a fourth memory cell 2502d). Each 
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memory cell 2502a, 2502b, 2502c, 2502d may be the memory cell 100 shown in Figure 

1, the memory cell 100 shown in Figure 2, the memory cell 100 shown in Figure 3 or 

memory cell 100 shown in Figure 4. In one embodiment, each memory cell 2502a, 

2502b, 2502c, 2502d may have a respective gate electrode 2504a, 2504b, 2504c, 2504d, a 

5 respective source electrode 2506a, 2506b, 2506c, 2506d, and a respective drain source 

2508a, 2508b, 2508c, 2508d. 

[01371 	In one embodiment, the memory array 2500 uses two transistors per bit. Thus, 

the first memory cell 2502a is coupled to a first transistor T1 and a second transistor T2. 

The first transistor T1 has a first terminal 2510a, a second terminal 2510b and a 

10 controlled terminal 2510c. The second transistor T2 has a first terminal 2512a, a second 

terminal 2512b and a controlled terminal 2512c. The second terminal 2510b of the first 

transistor T1 is coupled to the source electrode 2506a of the first memory cell 2502a. The 

first terminal 2512a of the second transistor T2 is coupled to the drain electrode 2508a of 

the first memory cell 2502a. 

15 [01381 	The second memory cell 2502b is coupled to a third transistor T3 and a fourth 

transistor T4. The third transistor T3 has a first terminal 2514a, a second terminal 2514b 

and a controlled terminal 2514c. The fourth transistor T4 has a first terminal 2516a, a 

second terminal 2516b and a controlled terminal 2516c. The second terminal 2514b of 

the third transistor T3 is coupled to the source electrode 2506b of the second memory cell 

20 2502b. The first terminal 2516a of the fourth transistor T4 is coupled to the drain 

electrode 2508b of the second memory cell 2502b. 

[01391 	The third memory cell 2502c is coupled to a fifth transistor T5 and a sixth 

transistor T6. The fifth transistor T5 has a first terminal 2518a, a second terminal 2518b 



49 

and a controlled terminal 2518c. The sixth transistor T6 has a first terminal 2520a, a 

second terminal 2520b and a controlled terminal 2520c. The second terminal 2518b of 

the fifth transistor T5 is coupled to the source electrode 2506c of the third memory cell 

2502c. The first terminal 2520a of the sixth transistor T6 is coupled to the drain electrode 

5 2508c of the third memory cell 2502c. 

[0140] 	The fourth memory cell 2502d is coupled to a seventh transistor T7 and an 

eighth transistor T8. The seventh transistor T7 has a first terminal 2522a, a second 

terminal 2522b and a controlled terminal 2522c. The eighth transistor T8 has a first 

terminal 2524a, a second terminal 2524b and a controlled terminal 2524c. The second 

10 terminal 2522b of the seventh transistor T7 is coupled to the source electrode 2506d of 

the fourth memory cell 2502d. The first terminal 2524a of the eighth transistor T8 is 

coupled to the drain electrode 2508d of the fourth memory cell 2502d. 

[0141] 	The memory array 2500 may include a plurality of word lines (e.g. a first 

word line WL1 and a second word line WL2). The first word line WL1 is coupled to the 

15 first transistor T1, the second transistor T2, the third transistor T3 and the fourth 

transistor T4. The first word line WL1 is coupled to the first transistor T 1 , the second 

transistor T2, the third transistor T3 and the fourth transistor T4 via the respective 

controlled terminals 2510c, 2512c, 2514c, 2516c. The second word line WL2 is coupled 

to the fifth transistor T5, the sixth transistor T6, the seventh transistor T7 and the eighth 

20 transistor T8. The second word line WL2 is coupled to the fifth transistor T5, the sixth 

transistor T6, the seventh transistor T7 and the eighth transistor T8 via the respective gate 

terminals 2518c, 2520c, 2522c, 2524c. 
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[0142] 	The memory array 2500 may include a plurality of bit lines (e.g. a first bit line 

Sl, a second bit line G1, a third bit line D1, a fourth bit line S2, a fifth bit line G2, and a 

sixth bit line D2). The first bit line S1 is coupled to the first terminal 2510a of the first 

transistor T1 and the first terminal 2518a of the fifth transistor T5. The second bit line 

5 Glis coupled to the gate electrode 2504a of the first memory cell 2502a and the gate 

electrode 2504c of the third memory cell 2502c. The third bit line Si is coupled to the 

second terminal 2512b of the second transistor T2 and the second terminal 2520b of the 

sixth transistor T6. The fourth bit line S2 is coupled to the first terminal 2514a of the 

third transistor T3 and the first terminal 2520a of the seventh transistor T7. The fifth bit 

10 line G2 is coupled to the gate electrode 2504b of the second memory cell 2502b and the 

gate electrode 2504d of the fourth memory cell 2502d. The sixth bit line D2 is coupled to 

the second terminal 2516b of the fourth transistor T4 and the second terminal 2524b of 

the eighth transistor T8. 

101431 	The memory array 2500 may use a complementary metal oxide semiconductor 

15 (CMOS) addressing scheme to read/write/hold bit cells. Fully-depleted SOI may be used 

for the memory array 400 in order to be an effective logic device even at high 

temperature (T<300°C). 

[0144] 	Figure 26 shows a logic table 2600 of the addressing scheme of the memory 

array 2400. Row 2602 shows the conditions of a writing 'down' state. In one 

20 embodiment, for the writing 'down' state, a supply voltage VDD  is applied to the word 

line, a switching voltage Vp  is applied to the bit lines Sl/S2 and D 1/D2, and no voltage 

(OV) is applied to the bit line G1/G2. The supply voltage VDD  is greater than the 

switching voltage Vp. The supply voltage VDD  may be about 3V or smaller. 
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[0145] 	Referring to Figure 24, the first memory cell 2402a is in the writing 'down' 

state with a supply voltage VDD applied to the first word line WL1, a switching voltage 

V, applied to the first bit line S1 and the third bit line D1, and OV applied to the second 

bit line G1. In the writing 'down' state, a moveable electrode 2450a of the first memory 

5 cell 2402a may be contacting the source electrode 2406a and the drain electrode 2408a of 

the first memory cell 2402a. The first memory cell 2402a is programmed in the writing 

`down' state. 

[0146] 	Row 2604 shows the conditions of a writing 'up' state. In one embodiment, 

for the writing 'up' state, a supply voltage VDD is applied to the word line, no voltage 

10 (OV) is applied to the bit lines S1/S2 and D1/D2, and a switching voltage Vp  is applied to 

the bit line G 1/G2. The supply voltage VDD is greater than the switching voltage Vp. 

[0147] 	For example, the first memory cell 2402a is in the writing 'down' state if a 

supply voltage VDD is applied to the first word line WL1, OV is applied to the first bit line 

S1 and the third bit line Dl, and a switching voltage Vp  is applied to the second bit line 

15 G 1. In the writing 'up' state, the moveable electrode 2450a of the first memory cell 

2402a may be contacting the gate electrode 2404a of the first memory cell 2402a. The 

first memory cell 2402a is programmed in the writing 'up' state. 

[0148] 	Row 2606 shows the conditions of a half-selected state. In one embodiment, 

for the half-selected state, a supply voltage VDD is applied to the word line and no voltage 

20 (0V) is applied to the bit lines Sl/S2, G1/G2 and D1/D2. 

[0149] 	Referring back to Figure 24, the second memory cell 2402b is in the half- 

selected state with a supply voltage VDD applied to the first word line WL1 and OV 

applied to the fourth bit line S2, the fifth bit line G2 and the sixth bit line D2. The second 
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memory cell 2402b may not be programmed if a same voltage is applied to the gate 

electrode 2404b, the source electrode 2406b and the drain electrode 2408b of the second 

memory cell 2402b (e.g. no potential difference between the gate electrode 2404b, the 

source electrode 2406b and the drain electrode 2408b of the second memory cell 2402b). 

5 [0150] 	Row 2608 shows the conditions of an unselected state. In one embodiment, 

for the unselected state, no voltage (OV) is applied to the word line and no voltage (OV) 

or a switching voltage Vp  is applied to the bit line G1/G2. 

[0151] 	Referring back to Figure 24, the third memory cell 2402c is in the unselected 

state with OV applied to the second word line WL2 and OV applied to the second bit line 

10 Gl. The fourth memory cell 2402d is also in the unselected state with OV applied to the 

second word line WL2 and OV applied to the fifth bit line G2. There may be floating 

source or drain following a voltage change applied to the gate. 

[0152] 	The READ time and the WRITE time of the memory array 2400 may be 

dependent on the addressing scheme. In one embodiment, the READ time may be equal 

15 or less than 50ns/bit, and the WRITE time may be equal or less than 100ns/bit. 

[0153] 	While embodiments of the invention have been particularly shown and 

described with reference to specific embodiments, it should be understood by those 

skilled in the art that various changes in form and detail may be made therein without 

departing from the spirit and scope of the invention as defined by the appended claims. 

20 The scope of the invention is thus indicated by the appended claims and all changes 

which come within the meaning and range of equivalency of the claims are therefore 

intended to be embraced. 
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CLAIMS 

What is claimed is: 

1. A memory cell, comprising: 

a substrate; 

at least one first electrode disposed above the substrate; 

at least one second electrode disposed above the at least one first electrode; and 

a moveable electrode disposed between the at least one first electrode and the 

at least one second electrode; 

wherein the moveable electrode is configured to move between the at least one 

first electrode and the at least one second electrode; 

wherein the moveable electrode comprises metal; 

wherein the at least one first electrode comprises a gate electrode, and wherein 

the at least one second electrode comprises a drain electrode and a source electrode. 

2. The memory cell of claim 1, wherein the moveable electrode is configured to 

move from the at least one first electrode to the at least one second electrode when a 

voltage applied to the at least one second electrode is larger than a voltage applied to 

the at least one first electrode. 

3. The memory cell of claim 2, wherein the voltage applied to the at least one 

second electrode causes a first electrostatic force in a direction towards the at least 

one second electrode to be applied to the moveable electrode. 
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4. The memory cell of claim 3, wherein the voltage applied to the at least one 

first electrode causes a second electrostatic force in a direction towards the at least 

one first electrode to be applied to the moveable electrode. 

5. The memory cell of claim 4, wherein the first electrostatic force is larger than 

the second electrostatic force and an adhesion force between the moveable electrode 

and the at least one first electrode. 

6. The memory cell of claim 2, wherein the moveable electrode is configured to 

contact the at least one second electrode when no voltage is applied to the at least one 

first electrode and the at least one second electrode. 

7. The memory cell of claim 1, wherein the moveable electrode is configured to 

move from the at least one second electrode to the at least one first electrode when a 

voltage applied to the at least one first electrode is larger than a voltage applied to the 

at least one second electrode. 

8. The memory cell of claim 7, wherein the voltage applied to the at least one 

first electrode causes a first electrostatic force in a direction towards the at least one 

first electrode to be applied to the moveable electrode. 



55 

9. The memory cell of claim 8, wherein the voltage applied to the at least one 

second electrode causes a second electrostatic force in a direction towards the at least 

one second electrode to be applied to the moveable electrode. 

10. The memory cell of claim 9, wherein the first electrostatic force is larger than 

the second electrostatic force and an adhesion force between the moveable electrode 

and the at least one second electrode. 

11. The memory cell of claim 7, wherein the moveable electrode is configured to 

contact the at least one first electrode when no voltage is applied to the at least one 

first electrode and the at least one second electrode. 

12. The memory cell of claim 1, further comprising an insulator layer disposed 

between the at least one first electrode and the at least one second electrode. 

13. The memory cell of claim 12, wherein the insulator layer, the at least one first 

electrode and the at least one second electrode define a cavity for guiding the 

movement of the moveable electrode between the at least one first electrode and the at 

least one second electrode. 

14. The memory cell of claim 12, further comprising a further insulator layer 

disposed between the substrate and the at least one first electrode. 
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15. The memory cell of claim 1, further comprising a further gate electrode 

disposed above the drain electrode and the source electrode. 

16. A method of manufacturing a memory cell, the method comprising: 

providing a first metal layer and patterning the first metal layer to form at least 

one first electrode; 

depositing a first sacrificial layer above the first metal layer; 

depositing a second metal layer above the first sacrificial layer; 

depositing a second sacrificial layer above the second metal layer; 

depositing a third metal layer above the second sacrificial layer; 

depositing a first sacrificial pillar structure at one side of the first sacrificial 

layer, the second metal layer, the second sacrificial layer and the third metal layer, 

and a second sacrificial pillar structure at the other side of the first sacrificial layer, 

the second metal layer, the second sacrificial layer and the third metal layer; 

depositing a first insulator layer above the third metal layer, the first sacrificial 

pillar structure, the second sacrificial pillar structure and the first metal layer; 

etching an opening in the first insulator layer to expose a portion of the third 

metal layer; 

depositing a fourth metal layer above the first insulator layer and the exposed 

portion of the third metal layer; 

etching an opening in the fourth metal layer and the third metal layer to form 

at least one second electrode; 
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removing the first sacrificial layer, the second sacrificial layer, the first 

sacrificial pillar structure and the second sacrificial pillar structure to form a moveable 

electrode and to provide a cavity for guiding movement of the moveable electrode 

between the at least one first electrode and the at least one second electrode; 

wherein the at least one first electrode comprises a gate electrode, and wherein 

the at least one second electrode comprises a drain electrode and a source electrode. 

17. 	The method of claim 16: 

wherein the first metal layer is deposited above a second insulator layer; and 

wherein the second insulator layer is deposited above a substrate. 


