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Abstract 

Tn this work we provided the simulation of a five layer charge-cont roll ed memory capac­

itor in which periodic and non-period ic metamaterials are embeddcd between the plates 

of a rcgular paralic! plate capacitor. The simulation result shows hysteretic , negative and 

diverging in capacitance-voltage behavior and pinchcd hysterctic charge-voltage propcr­

t ies in both periodic and non-periodic memcapacit ive systems. Even though the charge­

vo ltage hysteresis loops of both periodic and non periodic metamaterial memcapacit ive 

systems are pinched, the hysteresis loop of t he per iod ic system is relatively wider t han 

that of the non-periodic and on the average the rem nant polarized charge on the peri­

odic memcapacitve system is higher than that of the non-periodic. T his property of the 

periodic metamater ial memcapacitive system makes it a good candidate for non-volatile 

memory application over t he non-periodic one. 
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Chapter 1 

INTRODUCTION 

m emory devices 

A memory material (memdevice for short) is a device used to record (store) information 

(data), retrieve in formation, or both [I]. The information stored in a mcmdevice may be 

in analog form (continuous range of values) in analog memory materials or in digital form 

(discrete/ discontinous values) in digital memdevices. Memdevices can be split into two 

main categories : volatile and non-volatile. Volatile memory loses any data as soon as the 

system is turned off; it requires constant power to remain viable. On the other hand , non 

volatile memory doesn 't lose its data when the system or device is turned off [2]. 

History of memdevices 

The development of modern computers that make our work so comfortable, easier 

and faster are intimately associated with the availabi li ty of suitable memdevices. Ac­

cordingly, the need of more efficient, reliable and compatible memdevices played a criti cal 

role on the development of memory technology. In the years (1940 's-1950's) cathode ray 

tubes were used as early analog computer memories with storage capacity of 500-1000 

bits of data [3]. However, since cathode ray tube memories have a number of short­

comings, such as low speed, large tube size,e.t .c. they could not go fu rther with t he 

dynamically changi ng memory technology and were rep laced by magnetic core memories 

in (1950's- 1960's) which offered faster operation without the need of a large, expensive 

tube [3]. Magnetic co re memories were capable of storing data bits based on the direction 
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of magnetic field polari ty. The core contained and served until the dawn of semiconductor 

random access memory (SRA lvl) in the 1970's [3]. As technology advanced the need for 

memdev ices became essential. Conscquently, semiconductor memory materials are now 

being replaccd by modern solid-statc mcmories (ferroelectric, ferromagnetic, magneto re­

sistive, phase change memories) and tomorrow's big future memory clements are believed 

to be memrestors (resistors with memory), memcapacitors (capacitors with memory) and 

meminductores (inductors with memory). 

How do memory materials work ? 

The science behind the operation of memdevices is highly associated with the intri nsic 

properti es of the materials from which the memdevices are made of, the architectureal 

design and a number of parameters associated with the internal state of the system. The 

operation principle of some common memdeviccs are discussed below. 

i) Semiconductor m emdevices (SM) 

Since the very first days of the mid 1960's when the potent ial of metal-oxide semicon­

ductor (MOS) technology came in to aclv811cc semiconductor memories were realized with 

superior density and performance [4]. The basic operating principle of semiconductor 

non-volatile memory is the storage of charge in the gate insulator of a metal-oxide semi­

cond uctor field effect transistor (MOSFET). Based on the storage of charge on the gate 

insulator of a MOSFET non- volat ile semiconductor memories can be divided in to fl oat­

ing gate memory and charge- trapping memory. If one can store charge in the insu lator 

of a lvIOSFET, the threshold voltage of the transistor can be modified to switch between 

two distinct values conventiona lly defined as "0" or erased state and the " 1" or written 

(programmed) state [5]. The information content of the device is detected by applying a 

gate voltage with a value between the two threshold voltages. In one state the transistor 

is conducting current , while, in the other the t ransistor is cutoff. When the power supply 

is interrupted, the charge should , of course remain stored in the gate insulator in order 

to provide a non volatile device [5]. 
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ii) Magneto-resistive memdevices (MRM) 

Each memory cell of a magneto- resisti ve memdevice is made up of a magnet ic tun­

nel junction (MT J ), which in its simplest form of a metal-insulator-metal (MIM) stru c­

ture wi th ferromagnetic electrodes [6]. Its operation princi ple is based on the tunnelling 

magneto-resistance (TMR) effect . By applying a small bias voltage between the electrodes 

a tunnel current can flow , where the tunnel resistance depends on the relative orientation 

of the magnetization vector of the ferromagnetic electrodes. If the magnetization vectors 

arc parallel the tunnel resistance is small , wh ile if the magnetization vectors arc antipar­

all el the tu nnel resistance is large. By exposing the MT J to external magnetic fi eld a 

hysteresis loop is formed , with the two stable states of the MT J which correspond to a 

"0" or a " 1" at zero magnetic fi eld and the in fo rmation stored in the memory cell is read 

by dctermining thc tunnelling resistance of the MTJ [6]. 

iii) Phase change m emdevices (PCM) 

The rCM material is made from a thin fi lm of chalcogenide alloy which is a glass 

containing one or more cha lcogcnide element, (Group 1G in the periodic table e.g. sulfu r. 

seleni um or tellurium) as a substantia l constituent . This material can revcr, ibly change 

between an amorphous (high impedance state) which is called the RESET state and a 

poly crystalline (low impedance state) called SET state. In a phase change memory the 

PCM matcrial is placed between a top and a bottom elcctrode with a heating element that 

extends from the bottom electrode and establishes contact with the rCM , when currcnt is 

injected between the junction of the material and the heating element it induces a phase 

change [7]. The basic operat ion principle is based on the reversible phase conversion 

between the amorphous and the crystalline state of t he cha.lcogenide glass . Crystalizing 

the phase change material by heating it above the crystallizat ion temperature (bu t below 

the melting temperature) i. e. t he SET operation which is controlled by moderate power 

and long duration of electri cal pulses returns the cell to a low impedance state logically 

stored as " 1". Mel t-quenching the material i. e. RESET operation makes the material 

3 



amorphous and is controlled by high power pulses wh ich places the memory cell in high 

impedance state logically stored as "0". The data stored in the cell is retrieved by sensing 

the device resistance by applying very low power [7]. 

ivY Ferroelectric m emdevices (FEM) 

Ferroelect ric materials are generally defined by reversible spontaneous polarization in 

the absence of electric fi eld . The spontaneous polarizat ion is generated from noncen­

trosymmetric arrangement of ions in unit cell which produces an electric dipole moment 

related to the unit cell. Adjacent unit cells arc inclined to polarize in the same direct ion 

and form a ferroe lectric domain. The AB03 pervosk ite unit cell of a ferroelectric mate­

rial, where A atoms, B atoms and oxygen atoms occupy the corner site, the body center 

site , the face center site respectively. When electric field is applied to the ferroe lectric 

material the B atom which has two thermodynamically stable positions inside the oxygen 

octahedra , is displaced relative to the oxygens upward or downward, depending on the 

polarity of the electric fi eld. This displacement generates a di pole moment inside the 

oxygen octahedra, which is called sttLuration polarization (±P,). When the applied field 

is removed the B atom remains in the displaced position and generates a residual polar­

ization (±P,.) in the absence of electric fi eld , which forms a hysteresis loop. Therefore the 

basic operation principle of a ferromagnet ic memdevice is its abili ty to retain two stable 

states: + P,. or logically" 1" state and - P,. or logically" 0" state at zero electric fi eld [8]. 

Since from 1940's when cathode ray tubes were used as early analog computer mem­

ories, memdevices have passed through significant progress following the development 

of memory technology. The memdevices discussed sofar in this chapter contri buted a 

great deal for the fabrication of modern high speed computers and other better electronic 

devices. However, recent experimental and simulation stud ies have sparked numerous 

investigations in the area of materials and systems that show history dependence in their 

current-voltage cha.raeterist ics (memresistors) which also led to the investigat ion of mem­

capacitors and meminductors. Apart from the obvious use of these new emerging devices 
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in non-volatile memories several applications can be already cnvisioned for t hese systems, 

especially in neuromorphic devices to simulate learning, adaptive and spontaneous behav­

ior. Therefore these memdevices promise new and unexplored fun ct ionalities in science 

and technology both individually and in combination. 

Of t hese potential devices I focus only on memcapacitors parti cularly on the simulation 

of solid-state memcapacitor with fi ve layer three dimensional metamaterials embedded as 

a dielectric between t he regular plates of a parallel plate capacitor. The main objectives 

of this thesis work arc :-

1. To show the possible reali,ation of fi ve layer so lid-state Il1emcapacitor using periodic 

and non-periodic metamaterials which have perfect electric conductor (PEe) layers. 

2. Investigate which memcapacitive system (periodic or non-periodic) is best applicable 

for non-volatile memory application. 

The rest of the work is summarized as follows. In chap ~er two the equations governing 

the general dynamics a nd the equ ivalent circuit model of a five layer solid-state periodic 

and non-periodic mctamaterial memcapacitve system is addressed . In chapter three t he 

method of simulation , in chapter four we put the in put parameters and the result of the 

numerical simulation is explained. Finally summary and conclusion is given in chapter 

five. 
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Chapter 2 

MEMCAPACITIVE SYSTEMS 

No n-volat ile memory is an essential part of every computer system and most electron ic 

dev ices to store vital information so that the information will be kept even when the 

device is not powered [9]. Nowadays ferroelectric, ferromagnetic, shape memory alloys, 

and semiconductor materia ls arc the building blocks of most of the avail a.b le non-volat ile 

memory dev ices. However , recent experimental and simulation studies have spa.rked nu­

merous investigations in the area of materials and systems that show non-volatile memory 

effects by exhibiting pinched hysteresis loops (memrestors) which also led to the investiga­

t ion of memcapacitors and meminductors [10]. These new memdeviees (memcapacitors , 

memrestors, meminductors) offer a non-vol"tile memory stomge within " simple dev icc 

st ructure attract ive for potential applications in electronics including the fi eld of neu­

romorphic circuits which mimic the function and operation of a neural cell networks in 

biological systems [11]. 

2.1 Definition ofmemcapacitive, memrestive and me­

minductive systems 

T he dcfini tions of mcmcap"citi vc. mcmrcstive "nd memindnrtive dcvircs ("Iso rnll ed r ir­

cui t elements with memory) are obtained from analyzi ng a ci rcui t which has four fund a­

mental variables which are chargc, current, voltage and rnagnctic flux. The fo ur difIcrent 
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va ri ables lead to s ix different couples of variables: charge is related to current and mag­

netic flux is rr lfltcd to voltflge (bo th by time derivfltivr) , cur rent, find flux m e rclftted by 

inductancc, charge is related to voltage by a capacitor, vo ltagc and CUlTent arc related by 

res istance, while magnetic flux and charge a rc related by melnrestor [ll J. Quite generally 

if x denotes a set of n-state vari ables describi ng the interna l state of the system u(t) and 

y(t) are any two complementary constitutive variables (i .e. current , cha rge, voltage or 

flux ) denot ing input and output of the system and g is a genera li zed response , we can 

define a genera l class of memory devices those described by the fo llowing relations [15J: 

y(t) = g(x, u, t)u(t) 

x = f(x,u,t) 

(2. 1.1 ) 

(2.1.2) 

where f is a continuous n-d imensional vector function. x is the time derivative of x. We 

assume on physical grou nds that given an initial state u(t = to) at t ime to Egs. (3. 1.1 ) and 

(3.1.2) admit a unique solu t ion. The generali zation of t he definition from Egs. (3.1.1) and 

(3. 1.2) yields port and state equat ions of current-contro lled (CC), voltage-contro lled (VC), 

chmge-controll ed (QC) find flux-controlled (FC) systems of memresistive, mcmcflpflcitive 

and meminductive natures. According to Eqs. (3. 1.1 ) and (3.1.2) the systems arc of 

nUt-order , meaning that x is a vector containing n-statc variables i. c. x = [X I I X2, . ...... xnl 
[12J. Here our fo cus is only on memcapacitive systems. Memcapacitive systems can be 

divided into two sub groups, namely, voltage-controlled and charge-co ntrolled memca­

pacitive systems. The type of system control is derived from the subject which controls 

the time derivative of the sys tem state. In our case the t ime derivative of the state of 

a charge-controlled memcapacitive system is derived from t he charge accumulated in the 

memcapacitive port and t hat of a voltage-cont rolled memcapacitive system is deri ved from 

the voltage developed in the memcapaci t ive port. Thus, t he nth-order charge-controlled 

memcapacitive system and voltage-controlledlllemcapacitive system can be defined with 
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thei r respective port and state equations. Let the quantities CM , V , q, and DM de­

note memcapacitance , voltage, charge and inverse memcapacitance with units, Fa·tad, 

volt, coulomb and Fa1"ad- 1
, respectively. The n'h-order charge-contro lled memcapacitive 

system is defilled oy the purt equatioll 

V = DM(x , q, t)q(t) (2.1.3) 

while 

x = f(x ,q,t) (2.1.4) 

is the state equation. Similarly t he n'h-order voltage-controlled memmcapacit ive system 

is defined by port equation 

q = CM(x , v, t)v(t) (2. 1.5) 

while 

x = f(x , v,t) (2.1.6) 

is the state equation [1.5]. 

2,2 Five layer solid-state memcapacitive system 

!Vletamaterials can be engineered to provide properties, which may not be readily available 

in nature , and usually gain their properties from st ructure rather t han composition. The 

hybrid metamaterial approach in which natural materials arc integrated into t he metama­

terial composite, has been part icularly successful in enabl ing frequency-agile metamateri­

als that respond to the application of voltage, external electric field , light and heat [13]. An 

electri call y-controlled memory capacitive effect was achieved using a hybrid device com­

posed of a resonant mctamaterial (i. e. single layer gold split-ring resonator (SRR) and 

tra nsition metal oxide (V0 2 ) [14]. Our five layer memcapacitive system shown in Fig.2 .1 

consists of five layer metamaterial characterized by long polarization/ depolarization time 
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embedded between the regular plates of a parallel plate capacitor with separation d [14J . 

d 
J<I' plate 

Figure 2.1: The structure of a fi ve layer solid-state lllemcapacitivc systcm (non-periodic 
metamaterial system). 
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J<!' plate 

(k+ I f'plate 

Figure 2.2: T he st.ruct.urc of a fi ve layer solid-state memcapRcitive system (peri odic meta­
material system). 

The metamateri al is structured from five identical perfect electric conductor (PEe) 

layers insulated by bakelite plastic and their unit cells have either octahedral (O,,)or 

pyri thohedral (Th ) symmetry point group. In the simulation we assumed that the in-

sulating material is thc same as the one of regu lar capacitor and the memcap acitor is 

designed in such a way that there is no electron exchange between the extcrnal capacitor 

plates and those embedded (i.e. a higher potent ial barrier is generated bctween the exter­

nal platcs Rn el those embeddcd) . The mcmcapacit. ive effcct of such " system fu nctions if 

the spacing between the nearest neighboring layers is in the order of a few nanometers anel 

largely based on the slow polarization of the meelium between the regular capacitor plates 

(metamaterial ) due to tunneling which is one of the physical mechanism that potentially 
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provide a slow polarization. As there is a higher potential barrier generated between the 

external plates and the embedded layers, charge is conserved in the metamateriaL Thus, 

the total charge in the metamaterial is given by t he expressio n: 

(2.2. 1) 

When external potential difference is applied across the plates of the capacitor, t he capac-

itor will get charged to a charge q. Consequent ly, the electric fi eld developed by charges 

on thc capacitor causcs a charge redistribution among laycrs of the metamateri al and 

leads to polarization. The polarized metamaterial develops an internal electric field in 

opposite direction to t he electri c fi eld of plate charges. Therefore, fo r a given amount of 

plate charge, the internal charge tends to decrease t he plate voltage or , equivalently to 

increase t he capacitance. Our simulation is based on calculating the internal charge dis-

tribution (internal charge dynamics), its consequent capacitance where the memcapacitor 

is connected in series with a resistor and an A.C voltage source. 

2.2.1 Calculation of the memcapacitance 

A charged plate creates a uniform electri c fi eld in t he direction perpendicular to its plane 

of a magnitude E = -2S" where, a = '1.s' is charge density in the surface of arca S , CO is the 
coE,-

vacuum permitt ivity and E,. is the relative di elcctric constant of t he insul ating materiaL 

Thus the external plate voltage Vc is given by 

the electric fi eld due to the charge q is Eq = ----'L-2S and the electric fi eld at t he k'" internal 
EoEr 

plate E,. is ~2S ' Accordingly one can express Vc as 
EoE,. 

( q)( Ql ( )Q2 ( ( ))Q4 Q5 \~= - 1 + 6-+ 6-26 1 - 6 - 26 1 +6 2 + 6 3 --6-
~ 2q ~ 2q ~ 

(2 .2.2) 

where 6 = ~, 6 k = L~~, ~, i= l , 2, 3 and OJ is t he spacing between consecutive metal 

layers. Co = Se;)', is the capacitance of the system without metal layers. 
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Therefore, the capacitance of the whole structure (the memory capacitance) is C = t , 
t hen the simpli fied equRtion is give by; 

(2.2.3) 

where 6 0 = 0 

2.2.2 Derivation of the memcapacitance from the equivalent cir-

cuit model 

The memcapacitance can also be derived from the equi valent circuit model. In the equi v-

alent circuit model each insulator spacing between adjacent metal layers (including the 

regular capacito r plates) is represented by a separate capacitor as shown in Fig. 2.3 and 

to lise non-linear resistors to mimic the electron t unne ling between the layers and energy 

loss in the thcrmnlization process accompanying the tunneling. In th is model the top and 

bottom faces of each metal layer are considered as plates of adjacent capacitors while the 

metalli c material of the layer (the region along the height direction) itself plays the role 

of a conductor connecting these capacitors. 

Figure 2.3: The equiva lent ci rcuit model representation of a nve layer solid-state memca­
pacitive system. 
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Thus, the capacitance of each capacitor is calcu lated by 

Similarly, 

c - Eq'rSd 
3 - d(h 

C - coErSd 
4 - d0 3 

and C = cocrSd 
5 db'l 

= 

£oc.,. 5 
(d;b) 
2Co 

1 - 6 
EoEr S 

01 
coc,.Sd 

dOl 
Cod 

01 

Accordingly, t he total voltage drop is given by 

1 

1 

1 

c - Co 
- (1 - 6) + 1 "',' Qo.o d uk= l q k 

13 
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Note that Eqs. 3.2.3 and 3.2.4 are equivalent. From the two equations of the memca­

pacitance (Eqs. 3.2.3 and 3.2.4) unlike convcntional capacitor, there may be instants of 

t ime in whi ch C can be diveTging when the electric fi eld by the internal layers completely 

screen the electric fi eld of the plates, despite the presence of fini te charge q on the outer 

plates of the capacitor and also C may be negative at another instant of time where the 

electric fi eld of the internal layers over- screen the external electric fi eld . 

2.2 .3 Descripition of the internal charge dynamics of the system 

Charge dynamics is esscntially determined by the distance between the layers and the 

potential energy barrier between adjacent layers. The potential difference between the 

k and k + 1 metal layers is defined by Vk = -Ek,k+ l(;k where, Ek,k+l is the electric fi eld 

between two neighboring layers and it is obtained by adding the electri c fie ld due to the 

charges at all laycrs including the external plates. 

(2.2.5) 

The dynamics of the charges at a metal layer k is determined by the currents fl owing to 

and from that layer. Thus: 

Ok = h .k- l - h .k+ l (2.2.6) 

where h .k+ l is the tunneling electron current flowing from layer k to layer k + 1, by 

considering the layer charges Qk as state vari ables our system is defini tely a charge-

controlled memcapacit ive system described by t he following two equations. 

(2.2.7) 

Ok = 1,. .k-1 - h .k+1 (2.2.8) 
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where Qk is the t ime derivative of Q k. Let fr1 = 2 5Ie", /31 = -" 'y.nm, fr2 = 4
5

'h
3v!" 

7r lUk t 11' IW k 

/32 = -4"ktlffiu~ . If u is the potential barrier height between two neighboring metal layers 

the tunneling cu rrent induced by the potential d ifference Vk between the two can be 

calculated by 

(2.2 .9) 

if eVk < 'U and 

(2.2.10) 

if eVk > U 

2,2.4 A,C voltage operation of the memcapacitive system 

When a sinusoidal voltage v(t) = Vo sin(27rfl) of amplitude Vo and frequency f is applied 

to a memcapacitance C connected in series with a resistor R, then the RC circui t is 

descri bed by 

dq q 
v(t) = R - +-

dt c 
(2.2.11 ) 

The t heoret ica l backgrounds that define and lead to realization of a five layer solid-state 

memcapacitor is discussed sofar in t hi s chapter. In addi t ion , we have also derived the 

memcapacitance using t he equ ivalent circuit model. In chapter three we put the method 

of simulation that lead to the realization of our system. 
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Chapter 3 

METHODOLOGY 

So as to simulate the memcapacitive effect of a five layer periodic and non-peri od ic memory 

capacitor we simplifi ed and developed the dynamical equations for a five layer charge­

controlled memcapacitor from the quite general model of a circui t with memory described 

by Eqs.2.1.1 and 2.1.2. After we simplified and developed the dynamical equations for 

a five layer solid state charge-controlled memory capacitor which are described by Eqs. 

2.2.3 or 2.2.4 , 2.2 .5, 2.2.7, 2.2.8 and 2.2 .11 we pu t the appropriate parameters such as 

potential energy barrier height and separat ion between the layers . T hen, we developed 

the mathematica code t hat solves Eq. 2.2.3 or 2.2.4 together with Eqs . 2.2 .5, 2.2.7, 2.2.8 

and 2. 2.11 and we analyzed , compared and contras ted the result with previously done 

experimental and simulat ion studies. The program code is given in the append ix and the 

input parameters are given below some of t he parameters are t aken from reference 10. 

dielectric constant of the bakelite insula tor c,. = 5 

Separation between the external capacitor plates d= 100nm 

Ampli t ude of the applied A.C voltage, \10 = 7 5\1 

The potential barrier height between two neighboring metal layers, u = 0.33e\l 

Frequency of A.C voltage, J = 10KHz 

T hickness of t he embedcled metamaterial, <5 = 0.5d 

Surfaee area of each mettal layer of the metamaterial and capacitor plates, S = 1O- 6m 2 

Separation between layers:- non- period ic 0] = 0.050, 02 = 03 = 0" = 0. 130 and periodic:-
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01 = 02 = 03 = 04 = 0.130 

Electron charge, e = l.6 x 1O- 19C 

Planck's constant, h = 6.62 X 10- 34 J s 

Mass of electron, 171 = 9.1 X 10- 31 
[( 9 

Resistance R = HI 

Applied voltage , V (t) = Vosin(2rr It) 

Capacitance without metamaterial, Co = Set, 

17 



Chapter 4 

RESULTS AND DISCUSSION 

The detailed theoretical framework and equations that govern the dynamics of a solid-

state memcapacitor in general and five layer solid-state memcapacitor in particular is 

discussed sofar in chapter two. In this chapter the results of the numerical simulation are 

presented below. 

• 

• 

• 
~' 
j.~4-~~-+-4~~~~ 

;! . ;1 

Figure 4.1: Simulation of a five layer memcapacitor. (a) The charge on the intemallayers 
of the non-periodic memcapacitive system and memcapacitor plates as a function of time. 
(b) Applied voltage on memcapacitor as a function of time. This plot is obtained using 
the parameter values .51 = 0.05.5,.52 = .5a = .54 = 0.13.5 
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Figure 4.2: Simulation of a five layer memcapa.citor. (a) The charge on the internal layers 
of the periodic memcapa.citive system and memcapa.citor plates as a function of time. (b) 
Applied voltage on memcapa.citor as a function of time. This plot is obtained using the 
parameter values 01 = O-z = 03 = 04 = 0.136 

The plots shown in Figs.4.1 and 4.2 represent the numerical simulation result of the 

charge dynamics of the five layer solid-state memcapa.citive system for two different struc­

tures which are respectvely non-periodic and periodic arrangement of the layers that make 

up the embedded metamaterial. The time evolution of the internal charge distribution 
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among the layers of the metamaterial starts when an external voltage in our case (si­

nusoidal voltage) is applied across the plates of the regular parallel plate capacitor and 

induces a charge ±q on the plates. The electric fi eld created by these plate charges will 

cause electron tunneling between the neighbor ing metal layers of the metam ateri al re­

sulting in a charge redistribution on it . In turn this develops an internal electric fi eld 

oppositely directed to the electric fi eld of the plate charges. As it is clearly shown from 

the result in Figs. 4.1 and 4.2 above the t ime evolution of the internal charge distr ibution 

is different for the two structures. For our case we considered a metamaterial with sepa­

rat ion between its first and second layers smaller than the separation between the other 

equally spaced layers as a prototype of memcapacitive system with a non-periodic meta­

material. For this system as shown in Fig. 4. 1 starting at zero charge at time t = 0 the 

internal charge dynamics (charge distribution) is accompanied by induction of negative 

value of Q, and positive values of Q2 and Q5' The am plitude of the induced chftrges on 

the first and second layer is high compared to the amplitude of the late induced charge 

Q5' This is because the thicklless of LllC t unnel junction betwecn the first amI sccond 

layer is very small. Concern ing the charge on t he third and fourth layer it is essentially 

close to zero. Th is is exp lained by tendency of maxi mum charge separation in such type 

of devices. In the periodic memcapaciti ve system as shown in Fig. 4.2 starting at zero 

charge at time t = 0 positive half cycle of V(t ) induces negative value of Q, and posi­

tive value of Q5 whereas the charge on the second , third , and fourth layer is suppressed 

nearly to zero values enhancing tendency of maximum charge separation. Neglecting 

charge transport by any other means such as thermal excitation, the only mechanism in 

which the layers of the metamaterial show richer charge dynamics is by electron tunnel­

ing between t he neighboring layers. Starting at zero charge (Q" = 0), when a sinusoidal 

voltage is appl ied to the external plates of the capacitor it induces a charge ±q on the 

outer plates. The electric fi eld developed by t,hesc cha rges has ncftriy llniform mftgn itnde 

in the metamaterial and equally perturb t he charges on the surface of each metal layer 
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composing the metamaterial. Hence for a periodic metamaterial memcapacitive system 

in which the thickness of the tunnel junction is uniform the tunneling current entering in 

to and leaving the internal layers of the metamaterial is equal as a result of inelastic 

co tunneling. Consequently, unlike a non periodic metamaterial memcapacitive system 

the net charge in all of the internal metal layers is nearly zero or zero and finite on the 

outer layers of the metamaterial. 

·24I~~~AI.-...,........-:--} 
~ • 4 ! 4 & 
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Figure 4.3: Simulation of a five layermemcapacitor. (a) The capacitance-voltage 
plot of the result from simulation (non-periodic) memcapacitive system. (b) The 
capacitance-voltage plot of the result from simulation (periodic) memcapacitive system. 
(c) capacitance-voltage plot of the experimental result of ionic memory capacitor [16] plot 
(a) is obtained using the parameter values ,St = 0.055,5:! = t5a = 54 = 0.135 and plot (b) 
is obtained using the parameter values 5) = 52 = 53 = 54 = 0.135 

21 



Fig. 4.3 sholVs the capacitance-voltage behavior of our non-periodic and periodic 

memcapacitive system respectively. From a microscopic point of view a change in ca­

pacitance occurs in two ways [11]; i) Due to a geometrical change of the system (e.g. a 

var iation in its structure), or in ii) quantum mechan ical properties of the system (carriers 

and bound charges of the system composing the capacitor e.g. a history dependent per­

mittivity oj or both. Our memcapacitive system gains its properties from its structural 

architecture in turn which brought its quantum mechanical properties. In both periodic 

and non-periodic metamaterial memcapaeitive systems the capacitance-voltage plot shows 

both diverging and hysteretic behavior which arc compatible with experimental rcsults 

as shown in Fig.( 4.3) and this is a qu itc important and unique characteristic of capac­

itors used for non-volatile memory application. This property arises from the fact that 

there may be instants of time in whieh the electr ic fi eld created by the polarization of 

t he metamaterial completely screens the electric fie ld by the external plates, despite the 

presence of a finite charge on the external capacitor plates. At another instant of time the 

internal electric field lIlay over-screen the electric field of the plate charges wh ich results 

in a negative capacitance. Hence from our simulation result , our memcapacitive system 

lIlade from periodic and non-period ic metarnaterial is defini tely a menlOry capacitor by 

ref [161. 
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Figure 4.4: Simulation of a five layer memcapacitor.(a) The charge-voltage plot of the 
result from simulation (non-periodic). (b) Polarization-electric field plot of most ferro­
electric memories [8J. (c) The charge-voltage plot of the result from simulation (periodic). 
(d) Polarization-voltage plot of an epitaxially grown Pb(Zr, Ti)03 ferroelectric memory 
[15J. plot (a) is obtained using the parameter values 01 = 0.050, ~ = "3 = "4 = 0.130, and 
plot (c) is obtained using the parameter values "1 = 02 = "3 = 04 = 0.13" 

Hysteresis is the main characteristic of systems that have memory, where the effect 

of the input ( stimulus) to the system are experienced with a certain delay in time. In 

our case as shown the charge in the metamaterial Q5 in Fig. 4.1 and Ql and Q5 in Fig 

4.2 is zero until some finite value of the applied voltage, thus the effects of the input are 

delayed by some time behind the sinusoidal input and cause slow polarization as expected. 

In both periodic and non-periodic memcapacitive systems when an internal polarization 

is present, this polarization can create a non zero voltage drop on the memcapacitive 

system even at zero plate charge q. On the other hand when the internal electric field 
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completely screens the electric fi eld of the plates we can get zero voltage drop on the 

memeapaeitive system, despite the charge on the external plates is non zero. This is 

the reason why the charge-voltage hysteresis loop is non-pinched which is a quite usual 

behavior of most memdevices. Even though thc hysteresis loops of both periodic and non­

period ic systems are similar (i.e. non-pinched) their shape is different. The hysteresis 

loop of the non-periodic system is narrow which is on the average characterized by a 

relatively low retent ivity, coercivity and remnant polarization. This hysteresis loop is 

similar to the hysteresis loop of most ferroelectri c memdevice as shown in Fig (4.4)b [81 . 

The hysteresis loop of the periodic memcapacitive system is wide and nearly rectangular 

which is characterized by a relatively higher retentivity, coercivity, remnant polarization 

and constant threshold operation voltage. This hysteresis loop is similar to the hysteresis 

loop of an epitaxially grown Pb(Zr, Ti)03 ferroelectric memory as shown in Fig (4 .4)d 

[l SI. From this difference in hysteresis loop properties of the period ic f\nd non-periodic 

memcapacitive system it is possible to indicate that the periodic memcapacitive system 

is more recommended for a non-volatile memdevice than the non-periodic one. From the 

above Figs.(4 .4)a and c we have calculated also the following parameters for non-periodic 

and period ic mcmcapacitive systems. Average area of the hysteresis loop (work done by 

the voltage source in polarizing the medium) (non-periodic)=24.46J and 20.2SJ (period ic), 

average remnant polarization charge=0.S2/-tC (non-periodic) and 0.7S,tC (periodi c) and 

the average depolarization voltage is -2.67V for the non periodic and -7V fo r the periodic 

onc. 
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Figure 4.5: Simulation of a five layer memcapa.citor.(a) The charge-voltage plot of the 
result from simulation at different frequencies (non-periodic). (b) The charge-voltage plot 
of the result from simulation at different frequencies (periodic) (c) Experimental result of 
the charge-voltage plot for voltage-controlled memcapacitor at different frequencies [16J. 
plot (a) is obtained using the parameter values 51 = 0.055,~ = 53 = 54 = 0.135 and plot 
(b) is obtained using the parameter values 5, = ~ = 53 = 54 = 0.135 

Finally it is worth pointing out that the simulation result of the charge-voltage hys­

teresis loop of our system (both periodic and non-periodic) shrinks at higher frequencies, 

which is in a good agreement with experimental results as shown in Fig. (4.5) [16J. This 

is because at higher frequencies in which the A.C voltage quickly changing its polarity 

does not considerably change the internal charge distribution so that the system has no 

enough time to remember its past states as it is governed by slow polarization time. This 

is a quite importarlt feature of memdevices because of the fact that the internal degrees of 

freedom of a memory device have no enough time to respond to the external perturbation. 
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Figure 4.6: Simulation of a five layer memcapacitor.(a) Added/ removed energy as a func­
tion of t ime (no n periodic). (b) Aducd/removcd encrgy as a function of t ime (pcriodic). 
plot (a) is obtained using the paramcter values 6, = 0.050,02 = 03 = 04 = 0.130 and plot 
(b) is obtained using the parameter values 0, = 02 = 03 = 04 = 0.130 

It is already addressed that change in capacitance can occur in two ways. In either 

case, inelastic (dissipative) effects may be involved in changi ng the capacitance of the 

system upon application of the external control parameter. These dissipative processes 

releases energy in the form of heating of the material composing the capacitor. On the 

other hand there may be situations in which energy not from the contro l parameter but 

[rom sources that control the equation of mot ion for the state variables, is nceded to 

vary the capacitance of the system (e,g. in the form of clastic energy, or via a power 

source, say, the permittivity of the system via a polari7.ation fidel ). This energy wil l t.hen 

be released in the circuit , thus amplifying the current . Therefore ll1emeapaeitive systems 

could, in principle. describe both dissipative and passive dev ices. 
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The energy added to or removed from a memcapacit ive system is defined as: 

U, = 1'Vc(r) J(T)dT (4.0.1 ) 

A memcapaciti ve system is said to be passive if U, = 0 and dissipative if U, > O. From 

F ig. 4.9 it is clear tha t our memcapacitive systcm is dissipative in both periodic and 

non-periodic case since U, > O. This is due to the fact that electron t unneling between 

internal layers is accompanied by energy dissi pated in thermalization process due to the 

different electrochemical potentia l energies of metal layers in addition to local heating 

which is not avoidable in real systems. 

The application of a fi ve layer memcapacitor for non-volatile memory device is dis­

cussed sofar, however, for realizing the system under consideration , reading its state is 

the most important question that should be answered. The memcapacitor state is read 

by a single voltage pu lse [10]. Small amplitude or short voltage pulses a re not suitable for 

reading t he memcapacitor state because they do not change the charge distribution on the 

internal layers of the metamatcriaL Conscqucntly, the measured value of t he capacitance, 

using small amplitude or short pulses would always be eq ual to the cap acitance in the 

absence of metamateriaL Hence, in order to read the memcapacit ive state the applied 

single voltage pu lse should have la rge enough amplitude and should be sufficient ly long. 
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Chapter 5 

SUMMARY AND CONCLUSION 

5. 1 Summary 

Since 1940's when cathode ray tubes were used as early analog memories, memdevices 

passed through significant improvements following the development of memory technology. 

lllodern efficient, compat ible ferroelectric, ferromagnetic, shape memory and semiconduc­

tor memdcvices played their own role for the fabrication of high speed computers. However 

recent experimental and simulation stud ies have sparked new investigations in the area 

of materi als and systems that show non-volatile memory effects. These are memrestors. 

memcapacitors and meminductors . These circui t elements which can store information 

with out the need of a power source would represent a paradigm change in electronics, 

allowing for low power computation and storage. In add it ion if that information spans a 

cont inuous range of va lues analog computat ion may replace the present digi tal one. Such 

a concept is also likely to be at the origin of the working of the human bra.in and possibly 

of any other mechanisms in living organisms so that such circui t elements may help us 

understand adaptive and sponta.neo us behavior, or even learn ing. 

Of these potential memdevices we suggested the possible realization of a five layer 

charge-controlled solid-state memeapaeitor in an easy way of fabricat ion in which periodic 

and non-periodic metamaterials arc embedded between the regu lar plates of a parallel 

plate capacitor. The functioning of this device is based on slow polarization of the medium 
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due to electron transfer between neighboring metal layers of the metamaterial across the 

insulating tunnel junction via t unnelling. Unli ke conventional capacitors the capacitance 

of this device is memory-dependent (i.e it depends on t he state and history of the system). 

T he capacitance diverges in the limit of zero voltage and acquires negative values within 

a certain voltage range. In addition this dev ice shows pinched hysteresis loop in the two 

const itutive variables that define it (i. e. charge-voltage). Moreover t he hysteresis loop of 

this memcapacitor shr inks at higher frequencies which is a quite usual fcature of memory 

devices. 

5.2 Conclusion 

From the re"ilt of our numerica l simul ation , we have shown the possible realization of a 

five layer memory cajJacitor by embedding metal layers arranged jJer iodically and nOll­

periodiccaly where the metals are separated by an insuhtor. even though the hysteresis 

loops of both t he non-period ic and periodic memcapacitive system are similar in that 

they are pinched their shape is differen t. The hysteresis loop of the periodic metamate­

rial memcapacitive system is wider than t ha t of the non-periodic and nearly rectangular 

in shape that makes the system under consideration a good candidate for non-volat ile 

memory ap plication over thc non-periodic one. In addition to this obvious non-volatile 

memory application , memcapacitors in gcneral open up ncw and unexplored functiona.ii ­

t ics in clectronics and I believe that the time is ripe for new and exciting innovations in 

electronics. I hope this work will motivate people to do more experimental and theoretical 

investigations on solid-state memcapacitors. 
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APPENDIX 

The simulation mathematiea code is given below 

PARAMETERS 

E,. = 5; 

E = Er(8 .85 X 10- 12); 

d = 100nm; 

S = 1 x la - 6m2 ; 

Co = Sold 

6. = 0.5 ; 

<5 = 6.d 

V[tJ = 7.5 sin 2" It 

f= lOKHz 

R.= lS1 

e = l. 6 x 1O- 19C 

h = 6.6 x 10- 3'1 J s 

m = 9 x 10- 3 1 f( g ; 

U = 0.33eY 

T = 5/ f ; 

n = 5; 

================ ====== === ===== = ========================: 

(*[VARIABLES , TIMES .. . J*) 
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Table[JJ[k] = 1, k, 1, n - 1]; 

JJ[ l ] = 0.05; 

total = L::;::-,' M[l ] 

Tablc=[RJ[k] = ~:i~j, [k, 1, n - I] 

Tablc=(*[RJ[k] = "~l' [k, 1, n - 1]*) 

1\[0] = 0; 

Table1\ [k]= J L::~ , RJ[l ], (k, 1, n - 1)]; 

variables=[Table[q[t], Q[k, t], (k, n)]] 

IV oltage[k] = D.~~lkl (2q[t] + L;n~ ' Q[m, t] - L::'~k+ ' Q[m, t]), (k, 1, n - 1)]; 

i[O, t] = 0; 

*,t]= 0; 

. [k] eS ((V -"")E' [_ 4rrv'zmoROlkl . IV, - ""]-(U-"")E [_ 4rrv'zmOl1olkl IU + ""]) J I , V 27rM2 Ro [k)2 0 2 Xp It V 0 2 2 Xp It V 2 

" [k ]= Se"..,lvl (E' [_ 4rrvmoROlkJUl]) _ (1 + 2elvl)E' [ 4rrvmoRolklu~ (1 + 2elvl )] 
J2 ,v 47ThU62 RJ[k]:.! xp he[vJ U XP he[v] U 

ii[k, v] = UnitStape[v](j, [k, v]( l - UnitStape[v - U I e]) + h[k, vlUnitStape[v - V Ie] 

+h[k,v]( l - UnitStape[v + Vie])) 

Tabl e[i[k, t] = ii[k, V oltage[k]], (k, 1, n - 1)]; 

= ======================================================: 

(*DYNAMICAL SYSTEM (CHARGES AND CAPACITANCEl*) 

DE t· - [ '[t]-- ~ - L:k_,(D.-2Alk-' IlQlk,tl+2Qltl) (0) -- 10- 20 qua JOn - q -- n 2RC
o 

1 q -- J 

Tablc[(D[Q[m, t], t] == -i[m, t] + i[m - 1, t], Q[m , 0] == 0), (m, n)ll ,Simplify; 

qq = N DSolve[DEquation , vw'iables, (t, 0, T) , !vI ax S teps -> 20000]; 

Plot[Evaluate [[va7'iables , 1O- '2V[t]l/.qq], (t, 0, T) , PlotRange -> All] 

(*TotaIQ = L::~~ , Q[k, t]; 

plot[ Evaluate [TotalQ j. qq], (t, 0. T) ]*) 

c = 2CQ • 

2+'-" (D.-2Alk·-'I)'IJk:fl' L...J.'==I qfi/ 

(. Plot [Evaluate[(c, lO- lO V[t])j.qq], (t, 0, T), PlotRange- > (- 5x lO - 9 , 5x 109 ), PlotStyle- > 

Thicki*) 
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(*Plot[Evaluate[(Q[ l , t ] + Q[2, t ] + Q[3, t ] + Q[4, t] + Q [5, tJ) / j. qq ], (t, 0, T )]*) 

= == = ======== = ==========================================: 

(*PHASE DIAGRAMS *) 

v'c = '!ill c' 

Pal'ametTicPlot[Evaluate[( V C, lOBc)j.qq], (t, 1/ J, T) , Plot Range ---> (All, (- 15, 15)), 

PlotStyle ---> Thick] 

(*Show[Table[PaTametricPlot [Evaluate[(VC, 109Q[i, tJ)j.qq], (t, 0, T) , PlotRange ---> 

(All , All) ], (i, 1, n)]*) 

C t - !10. _ Lk ,1L'> - 2A[!, - I ))Q [k ,t[+2q[t,1, 
urren - n 2RCo ' 

Plot [Evaluate [CuT1'ent j.qq], (t, 0, T) , PlotRange ---> All] 

(*PaTametricPlot[Evaluate [( VC, 108Current)j. qq ], (t, 0, T ), PlotRange ---> (All , (-20, 20))]*) 

PammetricPlot [E valuate[(VC, 101lq[tJ)j.qq], (t, 1/ I , T) , PlotRange ---> (All, All) , PlotStyle ---> 

Thick] 

(* Plot [ N 1 ntegrate[Evaluate[Vc Currentj.qq], (t , 0, a)], (a, 0, T) , PlotStyle ---> Thick] *) 
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