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ABSTRACT

Programmable Metallization Cell (PMC) technology has been shown to pos-
sess the necessary qualities for it to be considered as a leading contender for the next
generation memory. These qualities include high speed and endurance, extreme scala-
bility, ease of fabrication, ultra low power operation, and perhaps most importantly ease
of integration with the CMOS back end of line (BEOL) process flow. One area where
detailed study is lacking is the reliability of PMC devices. In previous reliability work,
the low and high resistance states were monitored for periods of hours to days without
any applied voltage and the results were extrapolated to several years (>10) but little
has been done to analyze the low resistance state under stress. With or without stress,
the low resistance state appears to be highly stable but a gradual increase in resistance
with time, less than one order of magnitude after ten years when extrapolated, has been
observed. It is important to understand the physics behind this resistance rise mecha-
nism to comprehend the reliability issues associated with the low resistance state. This
is also related to the erase process in PMC cells where the transition from the ON to
OFF state occurs under a negative voltage. Hence it is important to investigate this
erase process in PMC cells under different conditions and to model it.

Analyzing the programming and the erase operations separately is important
for any memory technology but its ability to cycle efficiently (reliably) at low voltages
and for more than 10* cycles (without affecting the cells performance) is more crit-
ical. Future memory technologies must operate with the low power supply voltages
(<1V) required for small geometry nodes. Low voltage programming of PMC mem-
ory devices has previously been demonstrated using slow voltage sweeps and small
numbers of fast pulses. In this work PMC memory cells were cycled at low voltages
using symmetric pulses with different load resistances and the distribution of the ON
and OFF resistances was analyzed. The effect of the program current used during the

program-erase cycling on the resulting resistance distributions is also investigated.



Finally the variation found in the behavior of similar resistance ON states in
PMC cells was analyzed more in detail and measures to reduce this variation were
looked into. It was found that slow low current programming helped reducing the
variation in erase times of similar resistance ON states in PMC cells. This scheme was
also used as a pre-conditioning technique and the improvements in subsequent cycling

behavior were compared.
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Chapter 1

INTRODUCTION

1.1 Motivation

For years it was Dynamic Random Access Memory (DRAM) that was thought of for
fast random access memory like the caches and Random Access Memories (RAM)
in computers and it was magnetic storage memory that dominated the mass memory
(but slower) storage like the computer hard disks and external storage. Magnetic stor-
age memory falls into a class of memory technology called the Non-Volatile Memory
(NVM). NVM functionality refers to the ability of a memory system to maintain stored
information even if the power to the system is turned-off. NVM functionality is pro-
vided by a range of devices like hard disk drives, discrete NVM ICs and NVM blocks
embedded in system-on-chip. Common examples of discrete NVM blocks used are
in computer motherboards, serial memory chips, code storage chips and mass storage
like USB drives and cards. Embedded NVM chips are used in microcontrollers, digital
signal processors and programmable logic devices. FLASH memory is the mainstream
of NVM technologies and it is considered a major break through in the semiconductor
memory industry for more than a couple of reasons. First it marked the beginning of an
improved age of hand held storage devices and consumer electronics like the memory
sticks, smart phones, memory cards, mp3 players and now even ultra-portable com-
puters. Also the entire outlook of having two different technologies, one for smaller
but faster applications and another for slower but larger applications is beginning to
fade and the quest for an universal memory is surfacing and this is the second most

important impact of FLASH on the memory industry.
1.2 Introduction to FLASH memory

A FLASH cell is simply a floating gate MOS transistor (Fig. 1.1) or a transistor with
a gate completely isolated by dielectrics, the Floating Gate (FG) and governed electri-

cally by a capacitive coupled Control Gate (CG). FG acts as a storage bin for electrons

1



Control gate

Distotte — {
j ric : s
Floating gate
Tunnel Oxide > ‘ _H_‘.R-
Source | . Drain
_— p-substrate

Figure 1.1: Schematic cross section of a Flash cell. The floating-gate structure is com-
mon to all the nonvolatile memory cells based on the floating-gate MOS transistor [1]

as it is isolated and charge injected into it modulates the threshold voltage of the transis-
tor allowing for discrete memory levels. The electrons are forced to tunnel into the FG
by applying appropriate bias to the CG, the source and drain terminals of the FG MOS
to achieve very high electric fields across the thin FG gate oxide. The non-volatility
depends on the quality of the dielectrics (and hence on the charge leakage to and from
the FG). The gate dielectric between the FG and the channel is thinner as it allows the
carriers (electrons) to tunnel in and out of the FG and the dielectric between the FG and
the CG is thicker.

Fig. 1.2 shows the band diagram of a FG MOS assuming ideal behavior of the
dielectrics. The neutral state is associated with the logic level 1’ and the negatively
charged state (with electrons in the FG) with logic level 0’. With the electrons in
the FG the threshold voltage (V7) increases positively and this can be sensed (read
operation) by applying a bias between the source and the drain of the FG MOS. The

erase operation is achieved by forcing the electrons out of the FG through either FN

2
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Figure 1.2: Schematic energy band diagram (lower part) as referred to a floating gate
MOSFET structure (upper part). The left side of the figure is related to a neutral cell,
while the right side to a negatively charged cell [1]

tunneling or UV radiation. Data retention in FLASH is specified to be more than 10
years and this means that the charge leakage from the FG is very minimal [1].
However FLASH has its set of limitations as a solid-state memory technology
[10, 11]. It is prone to charge leakages, which reduces the number of write-erase cycles
drastically and limits its scalability. The practical limit in thickness of the oxide layer
(8 nm) below which oxide leakage current is intolerable is also fast approaching. A
typical FLASH cell has an endurance of up to 10° cycles, above which the memory
states lose their identity. Even with a lot of innovations being done in the control
circuitry of these devices to improve its endurance, a permanent solution has not been
reached yet [12, 13]. Another factor that cannot be overlooked is the cost of memory.
The approximate cost of FLASH memory for portable devices is many times higher

than the traditional rotating magnetic memory drives.
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Today though FLASH (or its variations) dominate the Non-Volatile Memory
(NVM) devices and the embedded memory applications and this NMV market is grow-
ing rapidly [14], all of these NVM devices in production require high voltages in excess
of 5-8 V for operation primarily due to their fundamental operating principles. This is
very different from the power requirements of the CMOS logic transistors used with
the NVM devices that require less than 1 V to operate. Hence combining power hungry
NVM devices with ultra-low power transistors poses a huge challenge for any improve-
ment in embedded memory applications. Further, the need for future ultra-low power
and sub-threshold CMOS applications, such as wireless sensor networks, biomedical
devices, and portable electronics [15, 16], that require operating voltages less than 500
mV, is also ever growing.

Thus the whole industry is on the lookout for a universal memory that is much
more scalable, reliable, cheap, ultra power efficient, simple and that can be easily inte-
grated in to our current process flow without significant changes. It is a well-known fact
that the innovation in new materials and technology is necessary for satisfying the fore
mentioned requisites particularly as the physical limits of scaling are fast approaching.
There are several key emerging memory technologies are under development for next-
generation NVM technologies and storage applications [17, 18, 19]. Some of the main

contenders are briefly discussed below.

1.3 Contenders for future memory technology
MRAM

In Magnetic storage RAM (MRAM) [19, 20, 21] data is stored by magnetic storage
elements. The elements are formed from two magnetic plates, each of which can hold a
magnetic field, separated by a thin insulating layer. One of the two plates is a permanent
magnet set to a particular polarity, the other’s field can be changed to match that of an
external field to store data. The simplest way of reading a cell is achieved by measuring

the electrical resistance of the cell as the electrical resistance of the cell changes due to



Figure 1.3: Illustration of a field-switched MRAM cell undergoing a) read and b) write
operations. The inset shows the magnetic configuration of the layers in the MTJ for the
two resistance states [2]

the orientation of the fields in the two plates as a result of the magnetic tunnel effect.
Fig. 1.3 shows a MRAM memory cell based on a 1-transistor, I-MRAM memory cell.

The key advantage of MRAM is its performance and endurance, but its cost
structure is seen as the major disadvantage of the technology. The relatively small
dynamic range of MRAM cell’s ON and OFF states (< 50 [22, 23]) result in much
larger cell designs which also affect their adaptation into multilevel applications. Also
practical implementations of MRAM require very high write currents (> 500 ©A [24]),
which is a disadvantage for use in ultra low power applications and in compatibility
with sub-threshold CMOS. Hence such limitations still pose significant challenges in

implementing MRAM for future memory applications. [20]

FeRAM



+ee

Point C

Domain

Farmoalectric capacilor

=0
Pawar on

e

L
L )

Point B

—=[+H

o e e

N

0

Power off

2

——
—

bddd
o e

Paint A

| O i I I

Power off

Point D

("0" data stored in memory)

=VC

Point £

— [+

e e e

JE— oy p—

Lobdd
o e

{"1" data stored in memory)

'

Paint F

T

e b b o L b
e i e i

>

Figure 1.4: Illustration of polarization in a ferroelectric material and basic operation of

FeRAM [3]



Ferroelectric RAM or FeRAM [25, 26, 27] is similar in construction to a DRAM
but uses a ferroelectric layer instead of a dielectric layer to achieve non-volatility. A
FeRAM cell also contains a capacitor and a transistor with the exception that in the
FeRAM capacitor, the dielectric structure includes a ferroelectric material, like lead
zirconate titanate. A ferroelectric material has a nonlinear relationship between the ap-
plied electric field and stored charge or the ferroelectric characteristic has a hysteresis
loop as shown in Fig. 1.4. When an external electric field is applied across the ferro-
electric material, the dipoles tend to line up in the direction of the applied field, due to
small shifts in the positions of the atoms in the crystal structure of the material. This
change is retained even after the field is removed making the memory cell non-volatile.
Typically binary ”0”’s and ”1”’s are stored as one of two possible electric polarizations
in each data storage cell.

The operational conditions of FeRAM result in low power consumption com-
pared to MRAM and its high speed of operation also adds to lower write energy (100x
- 1000x lower than FG NVM cells [24]). However the disadvantage with FeRAM
technology is its characteristic wear out mechanism that limits the endurance of the
cell in terms of program-erase cycles, high temperature operation and large cell size.
Also another key scaling challenge of FeRAM technology has been the requirement
for annealing the ferroelectric films at temperatures in excess of 600 °C which are not

compatible for sub 90 nm CMOS back end of line processing temperatures. [28]

PCRAM

Phase Change RAM or PCRAM [29, 30, 31] uses the unique property of some chalco-
genide glasses to switch between two resistance states (crystalline and amorphous)
upon application of heat. In the amorphous state these materials are highly disordered
and there is no regular order to the lattice. In this phase the resistivity is high and in
contrast, the crystalline state of these materials exhibit low resistivity and ordered crys-

tal lattice. This difference in resistivity is exploited in PCRAM and the phase change
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is achieved through localized joule heating caused by current injection. The end phase
of the material can be adjusted through the injected current, applied voltage and the
time of operation. As shown in Fig. 1.5 a layer of chalcogenide is sandwiched between
two electrodes. A resistive heating element extends from the bottom electrode and
contacts the chalcogenide layer. Current injected through this heating element induces
phase change in the resistive switching element and different resistance phases of this
material are used to represent different logic levels.

PCRAM technology based on GST chalcogenide resistive alloys has produced
the densest of memory devices (512 Mb) utilizing emerging memory technologies [32].

Unlike MRAM and FeRAM the dynamic range between the ON and OFF states in



PCRAM is higher than 100x and hence simple cell architectures are possible. The write
speeds in PCRAM (< 500 ns [24]) are also impressive and better than the previously
discussed NVM technologies. However the currents required to switch between the
two states in the materials are very high (> 500 pA [24]) and this limits the use of
smaller access transistors and hence scaling in this technology.

The fourth technology that is a major contender for future memory applications
is PMC. Many advantages like small cell sizes (8F? [33]), wide dynamic range between
the ON and OFF state (> 108 [24]), fast write speeds (< 100 ns [24, 34]), modulation of
ON resistance with write current aiding in multilevel applications [5], sub 500 mV and
sub 100 nA [24] operation are some of those advantages. But of the four technologies
discussed PMC possesses the least history. Next section introduces more about PMC

and its basic operation.
1.4 Programmable Metallization Cell (PMC) technology

Programmable Metallization Cell (PMC) technology has been shown to posses the nec-
essary qualities for it to be considered as a leading contender for the next generation
memory. These qualities include high speed and endurance [35, 36], extreme scalabil-
ity, ease of fabrication, ultra low power operation, and perhaps most importantly ease
of integration with the CMOS back end of line (BEOL) process flow [37]. It works
by modifying the resistivity of a glass layer that is sandwiched between two metals, by
electrochemically growing and dissolving a thin electrodeposit/Conductive Filament
(CF) between the two metals. A metal doped (typically silver or copper) glass layer
(germanium selenide/sulfide or recently SiO; [38]) that has very high resistivity inher-
ently [34], has an anode (silver or copper) on top and an electrochemically indifferent
cathode (typically tungsten) at the bottom.

When a positive bias that is greater than the threshold voltage (~ 450 mV)
of the device, is applied between the anode and the cathode, silver from the anode is

oxidized and migrates towards the cathode under the influence of the electric field and
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gets reduced once it reaches the cathode with the help of the electron current form the
cathode. Once the growth of the conductive filament initiates, the subsequent silver
ions migrating towards it prefer to get deposited at the tip of the growing filament, as
the electric field is highest at that point. As this process continues the area between the
two electrodes is bridged by a silver electrodeposit after some time (< 100 ns [34]) and
the resistance now is very low. This silver electrodeposit remains unaffected even after
the voltage supply is cut off and hence the device can works as a non-volatile memory
by switching between these two very stable high and low resistance states repeatedly.

Since information is stored in the form of an electrochemically grown metallic
filament rather than charge, the leakage is very negligible and hence the reliability is
very high. Also irrespective of the device dimensions the diameter of the grown elec-
trodeposit (depends only on the programming current) is only a few tens of nanometers
(< 100 nm) making it is ultra scalable [7], hence combining small footprint with non-
volatility, unlike the DRAM which has a small footprint but needs to be constantly
refreshed to retain its logic state. Also the write voltage is less than 1V and the erase
voltage is less than 0.5 V and hence it consumes ultra low power [36]. Since the pro-
cessing steps are very simple it can be integrated to the current technology with ease as
well [39]. Moreover the process of electrodeposition and the erase mechanism together
take only a few nanoseconds (< 100 ns), as the ion mobility in these glasses is very
high. Hence the devices are also extremely fast [34].

A lot of work relating to the above mentioned characteristics of PMC technol-
ogy has already been done and it is an established fact that programmable metallization
cell memory is indeed superior to the current memory technologies and its contenders
for the spot of the next generation memory [40, 41, 42]. Fig. 1.6 shows the technology
performance evaluation for Nanoionic memory (under which PMC memory technol-
ogy falls) in ITRS 2009 and it has impressive ratings in all areas except reliability. This

is due to the fact that detailed work is lacking in this area.
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Figure 1.6: Technology performance evaluation for Nanoionic memory in ITRS 2009

[5]

1.5 Solid electrolyte layer in PMC memory cells

Previous section briefly explained the principle behind the PMC memory technology
and before explaining the objective of this work it is important to discuss a few consid-
erations on the material selection in PMC memory cells. PMC memory cells fall into
a category called Resistive Random Access Memory (RRAM) as they use resistance
change in a material (solid electrolyte) to store information (they are also sometimes
classified into the Ionic Memory category). Materials for ionic memories generally in-
clude a reactive ion and a solid electrolyte layer. The reactive ion in the most common
ionic memories is either silver (Ag) or copper (Cu). Many different types of solid elec-
trolytes like metal sulfides, germanium rich solid electrolytes, oxides, etc. [43] have
been used. This section mentions briefly about a few common types of electrolyte +

reactive ion systems experimented so far.
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Silver doped germanium selenide (Ag-Ge-Se)

The most common approach to form a solid electrolyte to be used in a PMC memory
cell is to combine chalcogens with germanium and to dissolve Cu or Ag into it. The
most common and one of the earliest ternaries formed this way is Agg 33Geg 20S€0.47,
that is essentially a glassy germanium rich backbone mixed with an Ag,Se phase in
the form of dispersed nanoscale superionic regions. The nanostructure of this material
leads to a highly stable solid electrolyte that not only has high ion mobility (upto 103
cm?/Vs) but also a high resistivity (> 100 Qcm) [44]. PMC cells formed with silver
and this germanium selenide solid electrolyte have been shown to possess impressive
memory qualities like ultra-low voltage operation (< 0.5 V), fast switching speeds (<
100 ns), high endurance (> 10'! cycles), high dynamic range between the ON and OFF
states (10% - 107), etc., [45].

However though high ion mobility is important for fast device operation, mem-
ory cells formed from this material system cannot tolerate processing conditions greater
than 200 °C, since the hosting chalcogenide glass may crystalize in this range [42]. This
means that relatively low temperature BEOL processing is necessary for integration
with CMOS. Although this is possible with the latest advancements in materials and
processing conditions, it adds to the cost of fabrication of these devices. It also poses
certain restrictions on their operating temperatures when compared to other material

systems.

Silver doped germanium sulfide (Ag-Ge-S)

Another material system similar to the silver doped germanium selenide system dis-
cussed in the previous section is silver doped germanium sulfide or Agg 33Geg20S0.47.
Studies have shown that the mass transport and the internal structure of silver germa-
nium sulfides are similar to that of silver germanium selenides with minor differences

[46]. Memory cells based on this material system have been shown to possess excel-
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lent thermal stability and be able to withstand the elevated temperatures used in many
BEOL processes [39].

Ag-Ge-S devices have also been shown to possess impressive switching char-
acteristics even after processing at 300 °C in an ambient that has considerable amounts
of oxygen. Other characteristics that these devices exhibit are high OFF resistance (>
10" Q) but very low ON resistance (depending on the current used while program-
ming), and operating voltage < 1 V. Also the switching threshold (~ 450 mV) of these
devices were found to be greater than that of selenide based devices (~ 250 mV), yield-
ing a better noise margin. Though the ion mobility in these devices were a factor of
10 lower [46] than their selenide counterparts, their switching speeds have been shown
to be < 100 ns [39]. Hence all the above mentioned qualities have made the silver

germanium sulfide based PMC cells the most popular of the other systems used so far.

Copper doped silicon-di-oxide (Cu-SiO)

Recently copper doped silicon-di-oxide based PMC cells have generated a lot of inter-
est as they have shown similar switching behavior to the Ag-Ge-Se and Ag-Ge-S (or
metal-doped chalcogenide) based devices. Oxide based memory cells are of particu-
lar importance as SiO; based solid electrolytes are highly compatible with the BEOL
processing in CMOS integrated circuits where SiO, already plays an important role
as a dielectric. Also SiO; processing techniques are highly compatible with semicon-
ductor processing and include Chemical Vapor Deposition (CVD) and Physical Vapor
Deposition (PVD). Moreover copper is widely used in many integrated circuits as an
interconnect material and combining this with SiO, leads to an inexpensive solid elec-
trolyte material system that can be readily integrated with the CMOS circuitry [47].
Though the exact composition of the conducting pathway in Cu-SiO, PMC
cells is unknown, electrical measurements and cross-section images have shown that
the switching is similar to the metal-doped chalcogenides and that the ON resistance is

ohmic in nature. These cells have also been shown to possess promising retention char-
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acteristics, switching speeds and the ability to be used in multilevel applications based
on the programming currents used [47]. They have also been shown to possess impres-
sive endurance qualities with more than 107 cycles [38]. Another interesting ability
of these cells is the bipolar switching characteristics they have been shown to possess
which the metal-doped chalcogenides do not exhibit. Hence, though a great deal of
material and electrical optimization is still required, copper doped silicon-di-oxide de-
vices are promising for CMOS integration as they are based on existing materials in the

CMOS process line [47].

Silver and copper doped tungsten oxide (Ag-WO3 and Cu-WO3)

Tungsten is a popular material in CMOS integrated circuit industry as tungsten plugs
provide the required vertical connection between the horizontal running wiring that is
made of copper [48]. Hence memory cells made of tungsten provide an excellent op-
portunity for higher density memory in a typical CMOS BEOL process. Initial results
showed that structures based on WO3-Cu sandwiches provided a strong medium for
preparation of PMC memory cells [49]. A transition metal like tungsten (W) can be
reacted with oxygen to form a base glass for the solid electrolyte [50] and if the formed
tungsten oxide is porous in the trioxide (WOs3) form then the silver or copper ions can
form electrodeposits in it, to function as a PMC memory cell.

Various quasi-static measurements have shown the potential of both Ag-WO3
and Cu-WOs3 to be successfully used as PMC memory devices. Though the electri-
cal behavior of these cells differed slightly from the metal-doped chalcogenide devices
discussed previously, the basic underlying switching mechanism was found to be elec-
trochemical in nature. These devices exhibited high OFF resistance (> 10'° Q) and
ON resistance close to 10°  for a programming current of 1 yA [51].

There are other material systems that are also being investigated for similar elec-
trochemical switching behavior such as Ag-Cu;S [52], Cu-Cu,S [53], Cu-GeS [39],
Cu-Tay 05 [54], Ag-TiO; [55] and Ag/Cu/Zn-ZnCdS [56], but as mentioned previously
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Figure 1.7: Stability of the low resistance state measured for around twenty hours and
extrapolated to more than ten years and the effect of constant negative current stress on
the low resistance state

metal-doped chalcogenides have gained the most attention of all these systems. This
work concentrates on PMC memory cells based on silver germanium sulfide or Ag-
Ge-S material system and all the results shown in this work are from experiments on

devices based on this material system.
1.6 Reliability of PMC devices

Fig. 1.7 shows the low resistance state of a Ag-Ge-S PMC cell programmed at 1 mA
compliance current. The low resistance state was monitored (using a read voltage of
less than 50 mV in amplitude) for around twenty hours at room temperature and then
extrapolated to ten years as shown. The low resistance state hardly changed and was
less than three times the initial resistance at the end of ten years when extrapolated.

However there was a gradual increase in the low resistance with time. Though projec-
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Figure 1.8: Measurements of different programmed states at room temperature (a) un-
der no stress, (b) under a negative voltage stress of 100 mV. For the ON states, Roy
values of 400 Q, 4 kQ and 40 kQ were obtained with compliance currents of 1 mA,
100 A and 10 pA, respectively.

tion by extrapolation is a common practice in the memory industry as it is impossible
to measure a resistance state up to ten years, it is not accurate as seen from the other
plot in the same figure, which shows the low resistance state under a constant negative
current stress. After some time under constant negative current stress the resistance of
the device increases by several orders of magnitude to a higher value, to its OFF state
from the low resistance ON state. Hence this device was noted to have failed under a
constant negative current stress for almost an hour and in this work any change in the
resistance state (that was being monitored for stability) by one order of magnitude or
a factor of ten was considered to be a failure. Fig. 1.7 also shows that failure does not
occur as gradually as in the case under no stress and it occurs rather abruptly.

The resistance vs time behavior is also consistent for different levels of ON
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states. Fig. 1.8 illustrates the measured PMC cell resistance Rpy (ON state resistance)
as a function of time at room temperature, (a) without and (b) with an applied bias
Verase = -100 mV, as measured with a semiconductor parameter analyzer. Three dif-
ferent levels of Rpys are compared, which were obtained by tuning the compliance
current during the programming operation [5]. For a 2 bit multilevel cell, the fourth
level corresponds to the OFF state, whose resistance is stable and larger than 1 MQ.
From the figure, the ON state Rpy slightly increases for increasing time. It can be seen
than the behavior of different ON states with and without stress is different. Hence
though the increase in low resistance state under no stress (when extrapolated) was
much less than half an order of magnitude from the initial resistance state, it is impor-
tant to understand the underlying physical mechanism behind this increase in the low

resistance state under no stress and also the effect of stress on the low resistance state.
1.7 Thesis outline

This work investigates resistance stability by means of monitoring different resistance
states under normal and under extreme stress conditions (temperature and electrical). It
also investigates resistance stability by means of voltage-accelerated measurements in
particular, where a (range of) constant voltage stress (like V.45 =-100 mV in Fig. 1.8b)
is applied to the Ag electrode, i.e. in the direction of erasing the device. Voltage-
accelerated tests are also useful to assess the feasibility of PMC devices as signal path
elements in programmable logic array (PLA) applications [57, 58].

With the stability of different resistance states analyzed under both (normal
and) extreme stress conditions and developing a model for both program [6] and erase
[59] process the next step was to investigate the Program Erase (PE) cycling of PMC
cells. In particular emphasis is laid on ultra low voltage operation during cycling under
different currents for more than 10* cycles. The trade-offs involved in using higher
currents and a significant margin between the ON and the OFF states during cycling is

also analyzed in this work.
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Hence the purpose of this work is to 1) identify the possible mechanism(s) in
PMC devices that cause the gradual increase in the low resistance state under no stress
with time, 2) Identify the failure mechanism(s) under different types of stress and to
investigate the stability of different low resistance states in PMC devices which is es-
sential to establish their ability to be successfully used in multilevel programming ap-
plications and to 3) Investigate the feasibility of low voltage cycling of PMC cells.

The initial part of this work introduces the PMC technology, the basic science
and the processing involved, followed by a detailed qualitative discussion of the work-
ing of PMC devices, which is necessary for the other part of the work. Various electrical
results and discussions of various stressing experiments under different conditions are

presented thereafter.
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Chapter 2

DEVICE STRUCTURE, FABRICATION AND OPERATION

2.1 Device structure

A simple structure of a PMC device is shown in Fig. 2.1. It consists of a stack of three
primary layers, the anode, the cathode and a sandwiched solid electrolyte on a silicon
substrate insulated by a dielectric.

The thickness of the silver doped glass was ~60 nm and that of the top elec-
trode silver was ~35 nm. The dimension of the devices varied from 5 ym to ~ 100 nm.
However the devices used in this work were restricted to dimensions greater than 500
nm. The basic test structures with the vias defined on the dielectric with the tungsten
bottom electrode on a silicon substrate, were provided by Qimonda (a memory com-
pany split out of Infineon Technologies Ltd.). The cathode contact and the glass stack
deposition with the top electrode were done at the Center for Solid State Electronics

Research (CSSER) in Arizona State University (ASU). Fig. 2.2 shows the top view

Ag

Cathode contact
Ag doped

GeS;

Substrate (S)

Figure 2.1: Simple layered structure of a PMC memory device
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Figure 2.2: Top view of a PMC test structure with both electrodes contacted with tung-
sten probe tips

of a PMC test structures used in this work. Pad on the left is the anode pad and was
covered with silver and the pad on the right is the cathode pad (tungsten). The area of

intersection of these two is the active device region.
2.2 Process steps

After depositing the tungsten bottom electrode and the overlying silicon nitride layer
(done by Qimonda) there are three main phases in fabricating a PMC device; cathode

lithography, anode lithography and the glass stack deposition (done at CSSER in ASU).

Cathode lithography

This phase began with spinning Hexamethyldisilazane (HMDS adhesion promoter) and
AZ 3310 at 3500 rpm for thirty seconds each to get a resist layer of thickness of around
2 um. The wafer was then soft baked at 100 °C for sixty seconds. The resist was
patterned using the karl suss aligner by exposing it for fifteen seconds at 4 - 5 mW/cm?.
Then the resist was developed with AZ 300 MIF for thirty-five seconds. The exposed

silicon nitride layer was etched to make contact to the underlying tungsten layer by
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reactive ion etching in fluorine ambient for seven minutes at approximately 250 A/s

Finally the remaining resist and adhesive were stripped off using acetone.

Anode lithography

Anode lithography began with the same procedure as the cathode lithography where
the adhesion promoter and the resist were spun at 3500 rpm for thirty seconds and
the sample was then soft baked. The resist was patterned for glass stack deposition
using the karl suss aligner by exposing it for fifteen seconds at 4 - 5 mW/cm?. After
developing the resist, the sample was loaded into Edwards I, a thermal vapor deposition

system for the glass stack deposition, without stripping it.

Glass stack deposition

This stage began with the deposition of a 60 nm of Germanium Sulfide (GeS,) layer
at a rate of ~ 1 A/s. This was followed by an in-situ deposition of a 30 nm layer
of silver again at the same rate. The sample was then radiated with UV rays of ~5
mW/cm? for twenty minutes to drive silver into the glass to form conductive nano-
phases that are separated by < 1 nm from each other [34]. The sample was again
loaded into the thermal vapor deposition chamber of Edwards I for depositing a 35 nm
silver top electrode layer. Finally the resist and the remaining HMDS were lifted off
using acetone. This was followed by a fifteen minutes annealing at 300 °C in nitrogen
ambient as annealing has been found to improve the performance of the germanium
sulfide based devices particularly their retention capability [40]. Fig. 2.3 to Fig. 2.9

explains the fabrication steps involved in processing PMC devices discussed so far.
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Resist & HMDS spun at 3500 rpm for 30s

Figure 2.3: Process steps in PMC fabrication: Starting base structure provided by Infi-
neon technology Ltd. is shown on the top
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Figure 2.4: Process steps in PMC fabrication (cont.): Cathode lithography proceeds



Cathode contact

Cathode contact made by etching through the
dielectric to tungsten

Resist & HMDS spun at 3500 rpm for 30s

Figure 2.5: Process steps in PMC fabrication (cont.): Anode lithography begins
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Anode mask

Resist patterned using anode mask

Figure 2.6: Process steps in PMC fabrication (cont.): Anode lithography proceeds
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Figure 2.7: Process steps in PMC fabrication (cont.): Glass and silver in-situ deposition
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Figure 2.8: Process steps in PMC fabrication (cont.): Top electrode deposition
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Figure 2.9: Process steps in PMC fabrication (cont.): Final structure after resist lift-off
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2.3 Device operation - Basic

The operation of a PMC memory cell is based on the electrochemical rearrangement
of nanoscale quantities of metal through a solid electrolyte sandwiched between two
different metals. The two metals (in devices used in this work) are silver and tungsten
and the electrolyte is silver doped, sulfur rich germanium sulfide, ~ Ag4o (Ges3 Sg7
)60-

When no bias is applied across the two electrodes, since the conductive nanophases
of doped silver in the solid electrolyte are discontinuous, the resistivity of the electrolyte
is very high and the read voltage of a few tens of millivolts (< 50 mV) results in negli-
gible current flow or very high off state resistance (> 1 GQ) that depends inversely on
the cell area [41].

When a positive voltage of few hundreds of millivolts (~ 450 mV for Ag-GeS
devices) is applied across the two electrodes, silver ions from the oxidizable anode get
oxidized and start drifting towards the cathode through the solid electrolyte, under the
influence of the electric field. Once the silver ions enter the solid electrolyte, they move
in coordinated motion as shown in Fig. 2.11 and Fig. 2.12 and the silver ion closest
to the cathode where the electric field is the highest accepts an electron provided by
the cathode to get reduced and gets deposited on the cathode as a silver atom. This
process continues till a metallic electrodeposit is formed in the electrolyte bridging the
two electrodes. Now the resistance falls drastically to a low value (depending on the
compliance current set for protecting the device), giving rise to the low resistance or
the ON state Fig. 2.13.

To erase the device an erase voltage of a few hundreds of millivolts (~150 mV
for Ag-GeS devices) is applied in the opposite polarity (cathode being more positive
with respect to the anode). The silver atoms in the conductive filament get oxidized
and drift to the anode through the solid electrolyte under the erase electric field and get
reduced and deposited on the anode (Fig. 2.14 and Fig. 2.15) giving back the initial high
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Figure 2.10: Operation of PMC devices
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Figure 2.11: Operation of PMC devices (cont.); Silver ions from the nanophases sepa-
rates out and moves towards cathode to get reduced, as the silver ions came in from the
anode and they move in a coordinated fashion.

Figure 2.12: Operation of PMC devices (cont.); Once the electrodeposit starts growing
the in- coming silver ions reduce and deposit at the tip of the growing electrodeposit
as the electric field is most favorable there, aiding in the growth of a single continuous
electrodeposit.

31



Figure 2.13: Operation of PMC devices (cont.); A metallic bridging electrodeposit that
remains even after the voltage source is removed.

V] > |VEeR|

F |

Figure 2.14: Operation of PMC devices (cont.); Silver atoms from the electrodeposit
start get oxidized and drift towards the anode, where they combine with electrons to
get reduced.
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Figure 2.15: Operation of PMC devices (cont.); This process continues till all silver in
the electrodeposit has been re-deposited at the anode.

Figure 2.16: Operation of PMC devices (cont.); The high resistive state is restored at
the end of the erase process.
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resistive state. An important consideration for the device to not to re-write under the
erase voltage is that the cathode has to be relatively indifferent (electrochemically) with
respect to the anode (as tungsten is with respect to silver). This ensures the termination
of the erase process as soon as all the silver from the conductive filament is deposited

back at the anode and no more deposition of the cathode metal occurs.
2.4 Device operation - Ion conduction

As shown in Fig. 2.11 and Fig. 2.12, once a silver ion enters the solid electrolyte, it
does not have to travel the entire depth of the electrolyte layer (600 A). The flow of
ions happens in a coordinated motion as one ion replaces another in a vacancy as it
becomes available. And when the electrodeposit starts growing towards the anode, the
highest electric field is between the tip of the growing electrodeposit and the anode
and hence further deposition takes place at the tip enhancing the electrodeposit growth.
Also since the metal doping of the solid electrolyte is not subtle and is almost 50%
by atomic weight [60] the ion mobility in the electrolyte is very high and hence these
devices are extremely fast.

Ion conduction in solid most electrolytes occurs through defects. Similar to
electronic conduction there are two energy levels, normal and interstitial that are sepa-
rated by an energy gap. No conduction occurs in the solid electrolyte if all the normal
energy level sites are filled with ions. At room temperature some of the ions occupy
the interstitial energy levels by acquiring enough energy to overcome the energy gap.
Conduction now occurs through the ions hopping over the barriers to move through
different interstitial states [61]. Fig. 2.17 shows the qualitative energy diagram for ion
conduction in most solid electrolytes. When there is no external energy ions occupy
energetically most stable states with the lowest energy. When an external voltage is
applied, the slope (or the electric field) tends to decrease the barrier to the ions and the
ions migrate according to the applied electric field [61].

From this simple model the dependence of ion conduction on the applied volt-
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Slope due to the applied voltage

Figure 2.17: Qualitative diagram of ion conduction mechanism in most solid [6]

age is exponential of the form e~ *V/*T

, where « is a correction factor, V is the applied
voltage and T is the temperature. Fig. 2.18 shows the dependence of the time for a
PMC device to be programmed with voltage pulses of different magnitudes. It can be
seen that this dependence is exponential and is in correlation (to the first order) to the
fore mentioned theory and hence ion migration under applied electric field was found
to be the most significant mechanism responsible for the write process [6].

An approximate model of the write process in PMC devices suggests two dis-
tinct stages in the growth of the conductive filament; build up and radial growth.
Fig. 2.19 shows the voltage developed across the PMC devices as a function of time
during the programming process, where there is a sudden drop in the voltage (due to
the decrease in resistance) initially followed by a more gradual drop [6]. Since it is
already known that devices programmed with higher compliance currents yield lower
ON state resistances [5], from Fig. 2.19 it is fair to conclude that conductive filament

formed with a high compliance current is thicker (comprising of more silver) than one

written with a lower compliance current.
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Figure 2.18: Dependence of the time for the device to be written with voltage pulses of
different magnitudes [6]

Fig. 2.20 shows a voltage sweep used to electrically characterize PMC devices.
The voltage across the two electrodes was swept from -1 V to +1 V and back to -1
V and the current and from it the resistance were monitored. When the voltage was
less than the threshold voltage (0.45 V in Ag-GeS) the resistance was very high (of
the order of 10'! Q); this was the high resistance or the OFF state. When the applied
voltage was greater than the threshold voltage, the device switched to a low resistance
state (of around 10° Q) and the current reached the compliance (here 10 tA); this was
the ON state. While the OFF resistance depends on the dimensions of the device (based
on the equation R = pD/A, where p is the resistivity, D the depth of the cell, A the area
of the cell), the ON resistance depends on the compliance set based on Roy = Vg /
Icomp, where Vg is the threshold voltage and Icopp the compliance current. This
threshold voltage, called the secondary threshold was lesser than the primary threshold
and was found to be the minimum voltage required to sustain electrodeposition. For

example in the above case the compliance current was 10 A and hence the Rpy was
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<3kQ(0.2/10 uA). The erase voltage was ~150 mV in the reverse direction.
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Chapter 3

RETENTION TESTS

3.1 Introduction

An important property of any memory device is its ability to retain its logic state under
both normal and abnormal conditions such as under a read disturb/noise in the con-
trol circuits. Normal conditions here refer to situations where no electrical stress is
applied across the device (in any logic state) other than the read voltage, which is set
low enough to not to affect the state of the device. Typically in a memory device this
voltage is periodically pulsed to sense the state of the device by measuring its resis-
tance. However the major part of this chapter concentrates on constant current/voltage
stress at both room and elevated temperatures. This is unusual for memory arrays as the
voltage is always pulsed for write, erase or read operations and constant current/voltage
stress at elevated temperatures are abnormal conditions for the working of memory ar-
rays. While endurance of a memory device can be tested by repeated programming and
erasing at high frequencies, retention testing takes longer times and since it is not prac-
tical to measure the logic state of device for years (to establish the retention capability),
the failure/aging mechanism under analysis is generally accelerated by stress (electri-
cal, mechanical or thermal, depending on the technology). Hence the harsh stressing
conditions used in this work were more a tool to assess the stability and to accelerate
the failure mechanism(s) to allow them to be seen in a more reasonable timeframe.
Accelerated failure analysis is very common in memory industry and a lot of
work related to FLASH in analyzing its Stress Induced Leakage Currents (SILC) have
been done and are in progress. Since the gate is insulated from the channel in a FLASH
cell the applied stress has to be a voltage stress that accelerates the tunneling mecha-
nism increasing the leakage currents with thinner oxides [62, 63, 64]. Another class of
emerging non-volatile memory technology, Phase Change Memory (PCM) also has a

lot of work related to accelerated failure tests. Temperature plays the most important
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Figure 3.1: An SEM image of the cross section of a PMC device showing the conical
electrodeposit [7]

role in a PCM device, i.e, for programming it by varying the physical nature of the
active chalcogenide layer involved (temperatures greater than 1000 K are required for
reset programming). Hence program disturb issues have been a major concern in the
reliability of these devices where the temperature increase in one cell (used to program
it) could cause a spurious write in an adjacent cell. A lot of work related to temperature
accelerated failure mechanisms and read disturbs in these devices have been published

[65, 66].
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Figure 3.2: A conductive atomic force microscopy image of a nanoscale PMC device
after write (top) and erase(bottom) process [8]
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Fig. 2.10 in chapter 2 discussed the basic working of a PMC memory cell.
The information is stored as a conductive filament grown electrochemically between
two different metal electrodes and ultra scalability of PMC devices can be mainly at-
tributed to the dimension of this filament. Scanning electron microscope images of the
cross-section of programmed cells (prepared using Focused Ion Beam) shed some light
on the approximate dimension of the filament and as shown in Fig. 3.1 it is approx-
imately a few tens of nanometers in diameter (< 100 nm) [7]. However since silver
tends to nucleate under intense electron beam used in the SEM, the actual dimension
of the filament is expected to be relatively much lesser. Fig. 3.2 that shows the conduc-
tive atomic force microscopy image of a nanoscale PMC device after write (top) and
erase (bottom) process [8] aids in further understanding of both the dimension and the
conductivity distribution of the grown filament. Hence though the devices in the test
structure were a between 500 nm and 5 ym in size, the actual size needed for a PMC
cell to work successfully is much lesser. Also the OFF resistance tends to decrease as
the device dimension shrinks though the ON resistance is strictly dependent only on
the compliance current.

Fig. 3.1 also provides insight into the structure of the grown filament, which
is conical in shape, broader at the base near the cathode, tapering towards the anode.
This is a result of the deposition process during the programming operation which
initiates at the cathode and proceeds towards the anode [7]. Another observation from
Fig. 3.2 that is significant for this work is the non-uniformity of the conductive path(as
seen from the bright areas on the top-right figure). During the programming cycle
the conductive filament grows in such a way that it encompasses some of the non-
conducting phases (typically germanium rich) resulting in a filament that is not entirely
metallic. To summarize the conductive filament responsible for the low resistance state
in PMC devices is about a few tens of nanometers (< 100 nm) in diameter at the base

and roughly resembles a cone and has non-uniform silver distribution.
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Figure 3.3: Different resistance states under no stress at room temperature monitored
for around twenty four hours

Since a metallic interconnect bridges the two electrodes, the programmed/low
resistance state is expected to be very stable with or without stress. Fig. 3.3 shows the
behavior of different resistance states under room temperature monitored for around
twenty four hours. The resistance states are very stable but with a gradual increase in
the low resistance. The conductive filament is not entirely metallic as mentioned before
and it is surrounded by a non-conducting solid electrolyte. This could lead to setting
up of concentration gradients aiding in diffusion of silver from the conductive filament
and temperature could accelerate this process. Hence thermal diffusion could be the
reason for the gradual increase in the low resistance states under no stress. Also since
silver when exposed to sulfur even at room temperature has a tendency to sulfurdize
and hence some chemical reactions could also be responsible for the gradual loss of
silver in the conductive filament.

Fig. 3.4 shows two different low resistance states monitored for more than an

hour at two different temperatures, 259C and 1259C. The role of temperature in accel-
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Figure 3.4: Two low resistance states monitored over time at two different temperatures,
25°Cand 125 °C

erating the gradual increase in the low resistance state is not clearly evident. Though
temperature might play an important role in increasing the low resistance, its effect in
isolation was hard to establish as a result of the gradual pace of the mechanism.

Now when a current/voltage stress is forced on the low resistance state a variety
of possible failure mechanisms could come into play with electromigration, joule heat-
ing assisted thermal diffusion and voltage driven dissolution/ ion migration being the
most significant of them. Any of then, (individually or in combination with another)
could be the cause of the failure of the low resistance state in PMC devices under stress.
The rest of this chapter discusses the accelerated current/voltage stressing experiments

in further detail.
3.2 Test setup

All the electrical characterization tests were done using Agilent semiconductor param-
eter analyzer 4155B/C. Two micro-manipulators with tungsten probe tips (~ 10 um
diameter) were used to contact the two electrodes of the cells as shown in Fig. 3.5.
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Figure 3.5: Test setup under the probe station with the micro-manipulator arms and the
die with test structures

The procedure for accelerated failure tests was as follows. To begin with a few
(< 3) Program-Erase (PE) cycles were carried on to make sure that the cell had the right
threshold voltage and the ON/OFF resistances. A pulse of sufficiently long time period
(~ 50 ms) or a voltage sweep (0 - 1 V) was applied at the required compliance current
level to program the cells. This was followed by a read voltage of a ~ 50 mV to make
sure that the desired stable low resistance state was obtained. Finally voltage/current
stress was forced on the low resistance state and the voltage/current stress was used
to monitor the resistance with time till the cell switched off or till a relative high/low
resistance state (for it to considered as a failure) was reached. A variation of 10x from
the initial ON resistance was considered to be a failure and the time was taken as the
failure time. Around ten trials were performed in each case and a normal probability

plot was used on the failure times to obtain the mean time to failure for each case.
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3.3 Current stress

Typical current stress experiments are carried out by forcing a current through an inter-
connect (both at normal temperatures and elevated temperatures to accelerate failure)
to maintain high constant current densities till failure. Failure times are then fit into
the Black’s equation (in case electromigration failures) [67] and one or more variables
(like the activation energy and order, 'n’ for the material) are calculated from the known
parameters, like current density and temperature. Similar stressing tests on the low re-
sistance states of PMC devices under constant current stress monitored till failure are
presented in this chapter. Both negative and positive stressing currents of different mag-
nitudes were used. Fig. 3.6 shows a qualitative picture of a programmed PMC cell with
a negative current stress forced on it.

Negative current stressing refers to forcing a current through the device from the
cathode to the anode till failure. The polarity of this current is opposite to the direction
in which the device was programmed, i.e. it is in the erase direction (electrons flow
from the anode to the cathode). It is important to note that a programmed cell is erased

by applying a low negative voltage ~150 mV for a short time. This negative voltage
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Figure 3.7: Variation in the normalized low resistance state (Ron/Ron—iniT741) mon-
itored till failure for different constant current stress on cells programmed with 1 mA
compliance current

initiates the dissolution of the electrochemically grown filament by oxidizing the silver
atoms constituting it and depositing them on the anode [68] depleting the conductive

filament of the comprising silver and restoring the high resistance OFF state.

Negative current stress

Constant negative currents of different magnitudes were forced on the programmed low
resistance states and the failure times were noted. A statistically significant number
of trials were performed on each stressing current level and the mean time to failure
(MTTF) was extracted from the normal probability plot of these times by taking the
failure time at the 50% point (called the ts5y point). Fig. 3.7 shows the variation in the
normalized low resistance state (Ron/Ron_niT1ar) monitored till failure for different
constant current stress on cells programmed with 1 mA compliance current (an ON

resistance of about 500 ). Fig. 3.8 shows the normal probability plot for different
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Figure 3.8: Normal probability plot for different constant negative current stress for
devices written with 1 mA compliance current

constant current stress used to extract the mean times to failure at different currents.

Failure times decreased consistently with higher stressing currents as shown in
Fig. 3.9. Linearity of the obtained experimental results (as seen from the straight line
superimposed in Fig. 3.9) on a semi-log plot suggests an exponential dependence of the
times to failure on the stressing currents. However for electromigration this dependence
is expected to follow a power law (typically of the order 2) [69] as mentioned previ-
ously. The exponential dependence is also in close agreement with the theory discussed
in chapter 2 about the ion conduction in solid electrolytes during the programming op-
eration, suggesting that the failure under current stress could also be caused by ion
migration under the reverse electric field developed due to the applied stress.

Also from Fig. 3.7 it can be seen that though failure occurred after some time
from the beginning of the trial, the resistance started increasing almost immediately
after the current stress was forced. This implies that the conductive filament started
weakening or losing its constituent silver immediately (but not sufficient enough to

cause failure), reducing the area of cross-section. Therefore though constant current
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Figure 3.9: Mean time to failures for different stressing currents for devices pro-
grammed at resistance of around 500 Q with the exponential fit shown as a the black
line

was forced across the device, the current density was not uniform and started to increase
as the area for current flow started to decrease. Hence the current density term in the
Black’s equation, mttf(s) = AJ "exp(E,/kT) is not constant and this additional variable
complicated the fitting analysis. Since the resistance change was instantaneous and
continuous with time, the voltage developed across the conductive filament was also
not constant. Hence under constant current stress both the current density and the
voltage across the low resistance cell were non-uniform making both electromigration
and ion migration analysis difficult.

A consistent trend noticed during the stressing trials discussed here and in suc-
ceeding chapters is the variation noticed in the time to failure for similar cells pro-
grammed and stressed with the same source. Though this could be attributed to some
processing and testing condition variations, there is a strong possibility that this could

be physical. Since the basic working of a PMC device involves forming and dissolv-
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ing a conductive filament repeatedly, the statistical variations amongst different cells
might result in filaments with different structures even under the same programming
conditions. This variation could be both in terms of the shape of the resulting filament
and conductivity distribution. This could lead to differing behavior of the similar low
resistance cells under identical stress. Hence it is extremely important to be careful

while processing these devices as uniformity amongst different cells is very important.

Positive current stress

When a high current is forced through a metallic interconnect the direction of the cur-
rent is immaterial for the interconnect to fail by electromigration or joule heating as
current in either direction will displace the atoms (electromigration) and/or cause self
heating inducing thermal diffusion (joule heating). If devices fail under both positive
and negative current stress the failure mechanism can be isolated to either electromi-
gration or joule heating as ion migration in the positive direction will not result in an
increase in the low resistance states as the developed voltage is in the direction of pro-
gramming the device [57].

Positive stressing currents of different magnitudes were forced on devices pro-
grammed with a compliance of 100 gA to investigate the above discussed theory.
Fig. 3.10 shows the variation in the low resistance states with time for different pos-
itive currents and the result from previous section, a -25 UA stress for comparison.
PMC devices operate at ultra low power and their threshold voltage is less than 0.5 V.
Hence before any failure mechanism could increase the low resistance state to failure,
the cells re-programmed themselves more strongly as there was no dramatic increase
in resistance under positive current stress but there was a decrease in the low resis-
tance that was more predominant under higher positive stress. The cells were repairing
themselves by growing a thicker (or multiple) filament(s) to accommodate more cur-
rent. After the initial drop in the low resistance under +25 uA stress at ~ 300 s, the

resistance again started to increase gradually. There were two competing mechanisms
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Figure 3.10: Variation in the ON resistance with time for different positive stressing
currents on devices written with 100 A compliance

present with one of them being the rewriting process (that dominated), the other one
could have been thermal diffusion assisted by joule heating (which caused the increase
in resistance). It was hence not possible to isolate electromigration and joule heating as
the programmed cells rewrote themselves under positive current stress and the effect of

failure mechanism(s) that result in the increase in the low resistance was overshadowed.

Bi-polar current stress

Under constant negative current stress, ion migration seemed to play the most signifi-
cant role in failure, evident from the exponential dependence of the failure times on the
stressing currents. However both current density and the voltage developed across the
device were not constant due to the instantaneous and the continuous resistance change
noticed in the low resistance states with time much before failure making electromigra-
tion analysis more complicated. However to further distinguish between electromigra-
tion and ion migration similarly programmed ON states (similar Rpys) were stressed

with unipolar and bipolar currents of similar magnitudes for equivalent stressing times.
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Normalized Rpys at the end of stressing period (Roy—_rivar/Ron—iniTiar) were plot-
ted and are shown in Fig. 3.11 and as seen from the figure there is no change in the
Ron—rinar/Ron—IniTIAL between two types of negative stressing currents.
Electromigration is a phenomenon where atoms in the crystal lattice of a con-
ductor get displaced due to electrons at high current densities. When a DC high current
is forced through a conductor for a prolonged time in one direction, the electrons dis-
place the atoms and the resistance of the conductor starts increasing till it eventually
fails. However when a bipolar (AC) stress current is used, since the direction of the
current changes every half cycle, there should not be any net displacement of atoms
(by electrons) in one direction and hence the effect of electromigration should be sig-
nificantly lesser [70]. But from Fig. 3.11 it can be seen that there was no difference
in behavior in the resistance increase in similar ON states under unipolar and bipolar

current stress. This further suggests that electromigration does not play a significant
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role in the resistance increase phenomenon in PMC cells under stress./par

3.4 Voltage stress
Negative voltage stress

Ion migration was found to have played a significant role in failure under current stress
from the previous section. However as discussed previously neither the current density
nor the voltage could be maintained constant across the conductive filament (due to
instantaneous and continuous increase in the resistance). For analyzing the role of the
applied voltage on a low resistance state, it is suitable to stress the cell with a constant
voltage to verify the dependence of failure times according to the expression mentioned

*“V/kT, where C is a constant. The

previously, MTTF (due to ion migration) = Ce
current density is also maintained relatively constant as the current reduces as soon as
the resistance increases, stabilizing the current density.

The erase threshold voltage of PMC cells is ~-150 mV as discussed from chap-
ter 2. However a voltage sweep was used in that case and every increment of the voltage
was applied across the device for a definite period depending on the integration time,
1.e. when the voltage was swept from 0 to 1 V with a 10 mV increment every voltage
step (10 mV, 20 mV, 30 mV, ... ,1 V) was applied across the device for ~ 100 ms. But
as seen from the current stressing results in the previous chapter the initiation of the
erase process not only depends on the magnitude of the voltage but also on the time for
which it is applied.

Fig. 3.12 shows the behavior of the low resistance state monitored till failure
for different negative stressing voltages on cells programmed with 1 mA compliance
(ON resistance of around 500 ). Failure was accelerated with increasing negative
stressing voltages as in the case of negative stressing currents normal probability plots
were used to extract the MTTFs for different stress voltages. Fig. 3.13 shows the expo-
nential dependence of the times to failure on the stressing voltage again similar to the

dependence observed in case of current stress. This further strengthens the claim made
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Figure 3.12: Behavior of the low resistance state monitored till failure under different
negative stressing voltages on cells programmed with 1 mA compliance (ON resistance
of around 500 Q)

in the previous chapter about ion migration being responsible for failure under negative
stress.

To address the dependence of initial ON resistance on the time to failure and
to investigate the stability of multiple low resistance states under stress, the fore men-
tioned tests were carried on two more resistance levels, cells programmed with 100
UA and 10 pA compliance (On resistance of around 5 k€ and 50 kQ respectively).
Fig. 3.14 shows the dependence of the failure times on the negative stress voltages for
this low resistance state and the failure times were again found to be exponentially
dependent on the stress voltages.

The voltage stress range for 50 kQ state (25 mV to 100 mV) was different from
the 500 Q state (50 mV to 300 mV). This was because cells programmed at 50 k€ cells

switched off at higher voltages at times that were too small for the resolution of the test
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Figure 3.15: Cumulative results of mean times to failure under different negative stress
voltages for three different initial resistance levels

equipment used. Also cells programmed at 500 Q did not switch off for hours under
negative voltages less than 50 mV.

Fig. 3.15 shows the cumulative results of mean times to failure under different
negative stress voltages for three different initial resistance levels. The mean times to
failure for any particular resistance level were exponentially dependent on the applied
voltage stress and the slopes of the curves were fairly constant. This further suggests
that the failure under both voltage and current stress was mainly due to ion migration.

It is evident from Fig. 3.14 that the exponential fit does not hold good for very
low voltage stress (the two points on the curve, 25 mV and 35 mV). Also again in the
5 k€ resistance level in Fig. 3.15 it can be seen that the exponential fit holds good
only up to 50 mV. This is in agreement with the discussion in chapter 2 (as shown in
Fig. 2.17) where in the absence of any applied stress the ions can move randomly in
either direction of the barrier and ideally there is no net ion flow in any one direction.

The curves in Fig. 3.15 are expected to be asymptotic to the time axis proceeding lower

56



N

10 T ] T I T I
_ e R.=5000Q
pot s = ht
= 1% <
T 102 T T
o
g 10’ L $
RN
g 10° o T { [ ;

-1 --_I- -I- ] 1 |

109 0.1 0.0 0.3

Stress voltage [V]

Figure 3.16: Variation in the failure times for similar stressing conditions

in the voltage scale as it was already seen in Fig. 1.7 and Fig. 3.3, that under no stress
there is hardly any change in the resistance level ( implying very high failure times)
except for diffusion which occurs even in the absence of stress voltage.

As mentioned previously, considerable variation (spanning an order in magni-
tude) was noticed in the failure times for similar stressing currents and this was evident
form Fig. 3.16 which shows error bars fitted on the points shown in Fig. 3.15. Error
bars are particularly large for the higher resistance levels as seen from the figure. Thus
uniformity amongst the devices that can be achieved by precisely controlling the pro-
cessing and testing conditions is very important and this also affects the behavior of

similar resistance ON states in PMC cells.

Positive voltage stress

Fig. 3.17 shows the low resistance state monitored over time for different positive volt-
age stress on devices programmed with 10 g A compliance. Fig. 3.18 shows the depen-

dence of mean time to failure on the stress voltage. Similar to constant current stress
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in previous sections, the programmed cells reprogrammed themselves to accommodate
more current under positive voltage stress. A decrease in the low resistance state by
a factor of ten was considered failure in this case. This failure times were found to
decrease with increasing applied positive stress voltages and the dependence was expo-
nential as seen from Fig. 3.18, implying ion migration under the applied electric field

to be most significant mechanism involved.

3.5 Current/Voltage stress at elevated temperatures
Current stress at elevated temperature

Since temperature accelerates any failure mechanism its role in failure of the low resis-
tance states in PMC devices is critical. Fig. 3.19 shows the variation in the normalized
low resistance states with time under a constant current stress of -25 tA on cells pro-
grammed with 100 #A compliance current. Failure times decreased with rising tem-

perature as expected. Hence though the role of temperature in isolation was difficult
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Figure 3.20: Variation of the mean time to failure at different temperatures for the same
negative voltage stress

to extract, its combined role with a current stress is evident from these results. Earlier
work on the combined effect of temperature and current stress on the low resistance
states also showed similar trend and the activation energy for failure was calculated to
be approximately 0.5 eV [58].

The unexpected variation in the resistance (drop in resistance under negative
current stress and higher temperature) could not be attributed exclusively to the physics
of the devices as an excessive amount of vibration was noticed on the temperature
chuck during the high temperature measurements (possibly due to the pressure of the
nitrogen flow used to regulate the temperature and reduce water condensation on the

samples at low temperatures).

Voltage stress at elevated temperature

To see the interplay between temperature and negative voltage stress, devices pro-

grammed with 1 mA compliance were stressed with a negative voltage of 200 mV
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at three different temperatures; 25 0¢C, 75 9C and 125 °C. Fig. 3.20 shows the depen-
dence of failure times (extracted from more than ten trials in each temperature level) for
the same negative voltage stress. The decrease in failure times at higher temperatures
was similar to the results obtained for current stress at different temperatures and in
previous work [58]. The dependence of failure times on temperature was found to be
Arrhenius in nature as shown in Fig. 3.20 with the slope of the plot giving the activation
energy for failure.

Activation energy from the graph was found to be ~ 0.13 eV, which is in close
agreement to the value that was calculated in an earlier work [51], 0.2 eV for Ag-GeSe
devices under no electrical stress but with thermal stress at 70°C. However activation
energy from a previous work where a combination of current and temperature stress
was used was 0.5 eV [58]. It is important to note that the number of trials used in that
work for each current level were significantly much lesser and with the large statistical
variations seen in the failure times under stress it is fair to conclude that 0.5 eV value
of the activation energy was approximate. Also the theoretical value of the activation
energy for silver is 0.3 eV [71]. The difference in the activation energy calculated here
and in theory stems from the structure of the conductive filament in PMC devices. As
discussed in chapter 2 the filament is not entirely metallic and is prone to possess voids
and other defects. The 0.3 eV activation energy is for crystalline silver that is much
more tougher than the conductive filament in PMC devices and the activation energy is
expected to decrease as the interconnect becomes less crystalline as it is easier to cause

failure.
3.6 Summary of accelerated failure tests

From the results so far on stability of PMC states under different stress conditions, it
was also found that the transition from different ON states to a 10x increase did not
result in a permanent failure or in other words it was not a hard failure. All the cells

could be programmed again after a stress test without any loss of functionality. This
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indicated that this transition under different electrical stressing conditions was similar
to a typical erase process in a PMC device operation. To further analyze this, the
behavior of PMC ON states under higher negative voltages had to be investigated. But
higher the negative voltage, the transition time from ON state to a 10x higher resistance
state was too small for accurate DC measurements and hence pulse measurements were
required. Also since there was no clear difference in behavior of ON states under
current and voltage stress, for the pulse measurements, only negative voltages were

used (and not negative currents) for the rest of this work.
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Chapter 4

VOLTAGE DRIVEN ON-OFF TRANSITION

4.1 Introduction

From the results discussed in chapter 3, it was clear that under constant current/voltage
stress the PMC ON states behaved in a manner similar to their erase process. Also the
transition from the low resistance ON state to a higher resistance OFF state (termed as
a ’failure’ so far) was not a permanent failure, in the sense the cells behaved normally
even after this transition, emphasizing the fact that the transition was only an erase
and not a failure. Hence this chapter details more results and discussions on the erase
process of the PMC cells.

PMC cells work as a memory elements by repeatedly growing and dissolving
a CF in the solid electrolyte (chalcogenide) layer sandwiched between two metal elec-
trodes. The switching ON (or growing the CF) is due to electrochemical formation of
a silver CF in the ion-conducting chalcogenide glass bridging the two electrodes with
a low resistance path to allow sufficient current (as programmed) to flow through. The
switching OFF is due to the dissolution of this CF to gain back the original high resis-
tance OFF state. While the switching ON (program) mechanism in PMC cells has been
analyzed and understood quite well [6] there are few un-answered questions about the
switching OFF (erase) mechanism.

The CF in a PMC cells can be thought of as a silver interconnect bridging the
two metallic electrodes. When a high current flows through this CF that is very small
in diameter (< 100 nm), many failure mechanisms could be involved. Electromigration
could play a major role in disrupting the CF [69, 67] or with the high current flowing
through the metallic CF the local temperature rise could result in joule heating assisted
CF disruption [72, 73]. Or the erase process could be similar to the program process
in PMC but with reversed polarity and could be a result of electrochemical reactions

assisted by ion migration under the applied electric field.
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Though erase process in PMC cells have not been characterized extensively,
previous work on lateral devices [68] and similar solid electrolyte switches [57] have
shown that the erase of a CF starts with the oxidation of silver in the CF and in particular
near the neck of the CF or the intersection of the CF and the silver electrode (anode).
This has been shown to be due to the large potential drop across this interface due the
vast difference in curvature between the CF and the electrode. This subsequently leads
to dissolution of the CF initiating at the tip of the CF and gap between the retreating CF
and the silver electrode widens as the erase electric field is maintained. This process
continues till the majority of CF is re-deposited back to the silver electrode. However
before the CF is dissolved, the current density may reach very high values and thermal
effects and electromigration could play a role in aiding the erase process.

This chapter addresses the dependence of the transition time from the ON (low-
resistance) to the OFF (high-resistance) state or the erase time in PMC cells. The
ON-OFF transition time defines on one hand the stability of the ON state on the long-
term scale, and on the other hand the erase operation time. Experimental data are
explained in terms of dissolution of the CF, which sets the ON resistance and is dis-
solved during erase as a result of electrochemical reactions and ion hopping through
the solid electrolyte [6]. No clear impact of electromigration was found, in agreement
with previously reported results in [68] and [57].

From previous characterization work on program operations in PMC cells [6]
it was shown that the thickness of the CF varies with the current used to program
it. There were two distinct stages in the growth of a CF namely formation and the
radial growth of the CF. The second stage in this CF growth process was shown to be
effectively controlled by the current compliance set during programming. This is an
important property of any memory technology for it to be successfully used in Multi-
Level (ML) applications. However while programming PMC cells to different levels of

ON resistances in a controlled manner is important, investigating the reliability and the
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behavior of these (different resistance) ON states is also significant. Hence this chapter
also investigates the ON-OFF transition of different ON states and the choice of the
programmed ON resistance is shown to be critical for an optimum tradeoff between
data-retention and program/erase performances, particularly for ML applications.
Finally having analyzed the CF with respect to the erase process, the role of
the chalcogenide or the electrolyte layer thickness in data-retention and program/erase

kinetics in PMC cells is also briefly discussed in this chapter.
4.2  Experimental Setup

Unlike the stress tests in chapter 3 the measurements in this chapter were done using the
voltage pulses (instead of constant voltage sources) due to the smaller times involved
at higher erase voltages. Fig. 4.1 shows the measurement setup used in pulse measure-
ments in this work. The PMC test device was connected in series with a current-limiting
resistor (Rz) and a Sony Tektronix AWG2021 Pulse Generator Unit (PGU) was con-
nected across this series combination. An Agilent Technologies Digital Oscilloscope
DSO7032 (DO) was used to monitor both the input to the circuit from the PGU (OSC2)
and the output voltage drop across the PMC cell (OSC1). This was the same setup used
for both program and erase speed measurements in this chapter.

Fig. 4.2 shows an erase time (tg) measurement in which the dotted line is the
input and the solid line is the output voltage across the PMC cell as seen on the DO.
When the voltage across the cell (negatively) increases abruptly (to ~ input voltage),
the cell is erased and the time from this event to the falling edge of the input pulse is
termed the erase time (tg or t..4.). However it should be noted that this erase does
not refer to a complete erase of the device, but to the time taken for a 10x increase in
the ON resistance from its initial value, as this choice allowed for a fair comparison of

resistance stability in different levels of Rpy.
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Figure 4.2: An erase time (tg) measurement
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Figure 4.3: Measured erase times as a function of the square root of erase voltage, for
Rony =400 Q, 4 kQ and 40 kQ

4.3 Results

The stability/erase of PMC cells in this chapter were investigated by applying erase/
negative voltage pulses of different magnitudes to cells programmed to similar Rpy (~
400 Q) and measuring the time taken for a 10x increase in resistance from the initial
low resistance state (tg). Fig. 4.3 shows the measured t,,4s as a function of the square
root of Ve, for initial Re values of 400 Q, 4 kQ and 40 kQ (from chapter 3), which
were obtained with compliance currents of 1 mA, 100 uA and 10 A, respectively.
Clearly, statistical data confirm the inverse relationship between R¢ (or Roy) and te,gse
(or tg).

To study the voltage dependence on a wider timescale, Fig. 4.3 also shows
results from pulse-mode experiments, with Rc = 400 Q. For these measurements,
fast negative voltage pulses were applied to the Ag electrode through a load resistance

(Rz=1 kQ) and the corresponding cell voltage V¢ was traced to extract to,q5 (Fig. 4.2).
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Figure 4.4: Trade-off between the long-term erase time (representative of retention
time) and Inset: schematic drawing of a conical CF

The data align on the plot in the range from 100 us to 1 s, suggesting that Poole Frenkel
(PF) transport of ions (which is characterized by the square root dependence on electric
field) mainly controls the erase operation. In particular, we propose that Ag ions are
released by oxidation of the CF and then they migrate toward the negatively-biased Ag
electrode by PF. This is in agreement with previous observations of PF ion conduction
in glasses [74] and that the erase operation in PMC is controlled by ion migration,
rather than electromigration [58].
4.4 Modeling erase process

The experimental results from Fig. 4.3 can be explained on the basis of a simple model
for CF dissolution in PMC. To this purpose, Fig. 4.4 summarizes the dependence of tg
on Rc, for Vg =-100 mV. An assumption that the CF shrinks uniformly and at constant

velocity vp when a constant voltage is applied, then tz will depend on the minimum

CF radius rg as
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Figure 4.5: Current needed for programming/erasing the device as a function of R¢
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tgp = I’o/VD (4.1)

where ry controls the CF resistance through geometry and vp depends on ap-

plied voltage as a result of ion migration. By assuming a truncated-cone shaped CF, as

depicted in the inset of Fig. 4.4 [7], R¢ can be calculated as [75]:

H

R =p—— 4.2
PMC = P 7ro(ro+ H) (4.2)
where p is CF resistivity and the geometrical parameters are defined in the inset

of Fig. 4.4 (where 6 =45 °, for the sake of simplicity). Finally, the dissolution velocity

can be modeled with the PF dependence on erase voltage Vg

VD = Vpo e(ﬁM) 4.3)

where B was extracted from Fig. 4.3 and vpy is a fitting parameter. Results
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from Eqgs. (4.1 - 4.3) are reported in Fig. 4.4, for p = 10 mQ cm, H = 60 nm and
ro ranging from 2 nm to 200 nm. Note that p is to be considered an effective value
for the CF resistivity, whose composition and electrical properties are likely to be not
homogeneous; for the sake of simplicity, any possible dependence of p on CF size,
hence on R¢, was neglected. Clearly, the calculations can account for the experimental
data and allow studying the stability of low Rc ON states from retention measurements

on higher R¢ (i.e. less stable) ones.
4.5 Trade-off between data retention and program/erase current

We finally address the impact of R¢ or Rpy on the current needed for programming
(Iprog) and erase (Ieyase)- Fig. 4.5 shows 1,5 and Iy as a function of R¢, as obtained
from experiments (voltage sweeps) or from calculations/extrapolations where voltage
pulses of 1 us were assumed. 1,45, Was determined at the ON-OFF transition during the
erase sweep (or pulse), while I,,,, corresponds to the compliance current used during
the programming sweep (or pulse). The compliance current was shown to control R¢
with good accuracy [5, 45] in fact, a smaller compliance current inhibits CF growth
after its initial formation, thus imposing a higher R¢ state. Calculations in Fig. 4.5,
which were performed on the basis of a previously developed model [6], confirm the
trend noted for I,,,, data. However larger current is needed for fast operation in pulse
mode, as already experimentally demonstrated for NiO-based resistive memories [76].

Erase data in Fig. 4.5 indicate that I,,,s decreases for increasing R¢. This is
because, according to Eq. (4.3), V.use depends only logarithmically on R¢ for a given
terase> thus Ierase=Verase/Re decreases roughly linearly for increasing Re. This is con-
firmed by the calculations shown in the figure, which were obtained for t,45.=1 ts. On
the basis of the results in Fig. 4.4 and Fig. 4.5, it is clear that PMC retention properties
have to be carefully traded-off with program/erase current requirements when choosing
the R¢ value to be programmed. Such a choice will depend on the final application and

will be particularly critical for multilevel storage, where more than two R¢ values have
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Figure 4.6: Effect of different electrolyte thickness on program and erase time depen-
dence on erase voltage

to be located in the available resistance window.

4.6 Effect of electrolyte thickness on data-retention and program/erase kinetics in

PMC cells

With programming kinetics in PMC cells explored in already published work [6] and
having identified the physical mechanism behind the erase process in PMC cells in this
chapter so far, it is important to analyze the effect of different electrolyte thickness
on the data-retention and the program/erase kinetics. Fig. 2.1 showed a simple layered
structure of a PMC device. The silver doped solid electrolyte layer is the most important
layer in the device where the conductive filament is grown and erased repeatedly aiding
in the successful operation of the device as a non-volatile memory with two stable

resistance states (very high resistance OFF state and a low resistance ON state).
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Since the conductive filament bridges the high resistance gap (in the electrolyte)
between the top and the bottom electrodes, the nature of the grown conductive filament
might be affected by the thickness of the electrolyte layer. Three samples having dif-
ferent electrolyte layer thickness ranging from 60nm to 120nm were prepared. Process
conditions were varied slightly for different thickness samples in order to obtain simi-
lar electrolyte doping conditions for the three thicknesses. Times for programming (tp)
and erase (tg) operations were obtained for different voltages from -1V to +1.2V. All
the trials had similar initial resistance levels, i.e., for the erase operation all the devices
were programmed with 1mA compliance current yielding an initial ON resistance of
around 400 Q and during the programming operation all devices were initially in the
high OFF resistance state.

Fig. 4.6 shows the variation of program and erase times on different voltages for
three different electrolyte thicknesses. There is no remarkable variation in these times
with the electrolyte thickness. To verify if the actual thickness of the three samples were
different another set of experiments were carried out. The leakage current of a device
depends on its OFF resistance, which is proportional to the length of the conductor.
Hence during the OFF state the leakage currents of the three different samples must be
different if the thickness of the three samples was different.

To analyze the leakage currents in these three samples, current was plotted as
the voltage was swept from 0 V to 250 mV. Since the threshold voltage of the particular
batch of PMC devices used for this work was around 150 - 200 mV, current at voltage
less than 100mV should be due to leakage charge through the electrolyte. Fig. 4.7
shows the current-voltage (IV) plots for different electrolyte thickness (but 5 m lateral
dimension devices). It is important to note that these IV sweeps were done on fresh
cells from each sample. Before reaching the threshold voltage (showed in the figure),
the leakage current of 60 nm sample is much higher than the 90 nm one, which is higher

than the 120 nm sample. This clearly suggests a different electrolyte thickness in the
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Figure 4.7: Leakage current measurements to verify the actual electrolyte thickness of
different samples

three samples. The difference in the leakage currents however is larger than expected.
This might be due to the different doping levels of these samples as silver penetration
during photo dissolution process during the fabrication of these devices depends on
the electrolyte thickness. Silver can penetrate to only around 50 nm depth into the
electrolyte irrespective of how much silver is available for doping. This could lead to
a lower number of available conductors (ions/electrons) in the electrolyte in the OFF
state, reducing the leakage current [40, 60, 77].

Hence though the physical thickness of the different samples was different there
was no noticeable change in the erase/program times amongst these samples. This

could be explained as follows. All the devices were cycled (programmed and erased)
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2-3 times before they were subjected to the tests mentioned in Fig. 4.6 to make sure
the devices are in proper initial states before the tests. When the device is programmed
or a positive voltage above the threshold voltage is applied the silver ions from the an-
ode penetrate into the electrolyte and migrate towards the cathode where they reduce
to a silver atom and eventually many such atoms contribute to the formation of a con-
ductive filament. Hence after the first programming enough silver has actually entered
the electrolyte though (as mentioned previously) due to higher thickness the amount of
silver in the electrolyte was initially lesser. So after 2-3 program/erase cycles the elec-
trolyte doping is similar in all the three samples. These 2-3 program/erase cycles led to
an ’electrical forming’ process, resulting in similar electrolyte conditions in the three
samples. Also since the same compliance current was used to program the devices the
amount of silver in a programmed device was the same and hence the time required
for dissolving (during erase operation) this amount did not vary with the electrolyte

thickness.
4.7 Summary of voltage-driven ON-OFF transition

The erase process in PMC devices was studied to address the ON state stability and
the erase operation in pulse mode. The dependence of erase time on voltage and on
the ON state resistance was characterized and modeled on the basis of by CF oxidation
and Ag ion migration. Finally, the tradeoff between stability and the current needed for
program and erase operations, was analyzed, allowing for design guidelines of multi-
level PMC devices. Also there was no dependence of program and erase times on the
electrolyte thickness and this was attributed to electrical forming that occurred in the

first 2-3 PE cycles of the fresh PMC cells.
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Chapter 5

LOW VOLTAGE CYCLING

5.1 Introduction

Programming kinetics in PMC cells, which occurs by voltage-driven electrochemical
reactions and ion migration were characterized and modeled recently [6]. It was also
shown in this work that a load resistor could be effectively used to tune the programmed
resistance in pulsed mode, as it actively controls the program kinetics by reducing the
cell voltage while the electrical pulse is maintained. The description was also verified
with a semi-analytical model that accounted for the experimental data and could be
used for multilevel programming applications.

The retention of various memory states in PMC cells and the effect of different
types of stressing conditions on these states were analyzed in detail in chapter 3. The
underlying mechanism behind the low resistance to high resistance transition (and vice-
versa) was identified to be electrochemical in nature (thermal diffusion aided) rather
than electromigration. The retention capabilities of different low resistance states were
also determined to be significantly different (both with and without stress). Also the
transition from low to high (er) resistance was found to be similar to a typical erase in
PMC cells and was not a permanent failure.

Chapter 4 analyzed the erase process in PMC to address the ON state stability
and the erase operation in pulse mode. The dependence of the erase time on the voltage
and the ON state resistance was characterized and modeled on the basis of CF oxidation
and Ag ion migration (electrochemical). The trade-off between stability and the current
needed for program and erase operation, was analyzed, allowing for design guidelines
of multilevel PMC cells. Having looked in individual operations of the PMC memory
cells the next step was to study their cycling performance.

Future memory technologies must operate with the low power supply voltages,

well below 0.9 V and eventually closer to 0.6 V, required for small geometry nodes.
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Figure 5.1: Setup used in program-erase (P-E) cycling and program speed determina-
tion of PMC devices in this chapter

Low voltage programming of PMC memory devices has previously been demonstrated
using slow voltage sweeps [45] and small numbers of fast pulses [24]. However the
reliability of the programmed and the erased states have to be analyzed at such low op-
erating voltages. This chapter describes an investigation of low voltage time-symmetric
programming and erasing of PMC devices for a significant number of write-erase op-
erations (104 or more) over a range of programming currents from less than 1 UA to
several hundred tA.

It is also a known fact that repeated cycling of any memory device would affect
the future performance of the cell (insert reference). The deterioration in a memory cell
will also depend on the cycling conditions like programming currents, erasing voltages,
PE cycles, temperature of operation, etc (insert reference). It is important to analyze the
effect of such cycling parameters on the memory cell and be able to predict any possible
deterioration of the cell. This chapter also addresses a few of the afore mentioned cases

in terms of cycling conditions in PMC cells.

76



10 |

‘s

-2 -1.5 -1 -0.5
V.(V)

Figure 5.2: Ratio of Rprr/Roy for devices programmed to Roy = 750 + 250 Q and
erased with voltages from -0.6 Vto-2.0 V

5.2 Experimental setup

Fig. 5.1 shows the measurement setup used in program-erase (P-E) cycling and program
speed determination of PMC devices in this chapter. The PMC test device was con-
nected in series with a current-limiting resistor (R;) and a Sony Tektronix AWG2021
Pulse Generator Unit (PGU) was connected across this series combination. An Agilent
Technologies Digital Oscilloscope DSO7032 (DO) was used to monitor both the input
to the circuit from the PGU (OSC2) and the output voltage drop across Ry (OSC1).
This setup is not the same as the setup used in the previous chapter (Fig. 4.1) as the DO
(OSC1) was connected across the PMC cell in the previous setup, instead of R;. This
minor modification allowed the devices to switch considerably faster than in previous
setups [6, 59], due to the reduced parasitics and by avoiding the loading of the PMC

cell by the input impedance of the DO.
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5.3 Low voltage erase

The programming characteristics of PMC devices have been extensively studied [6]
and it is known that Ry is inversely proportional to the programming current limit,
and that programming time is dependent on voltage by an inverse exponential func-
tion. To complement this knowledge and assess the effects of low erase voltage on the
Rorr/Rop ratio, a number of devices were programmed to similar values of Roy, 750
£ 250 Q, and then erased with 5 ms pulses of different voltage magnitude, Vg. It is
known from previous studies [35, 36, 37, 45] that this 5 ms pulse width is much longer
than the typical erase time in PMC cells, but this relatively long pulse width was cho-
sen to ensure that the cell had settled to a stable OFF state before measuring it. The
ratio of Rorr to Ropr was plotted with respect to Vg and this relationship is shown
in Fig. 5.2. For the above conditions, average Rorr/Roy decreased with decreasing
Vg, from a maximum of 520 at Vg = -2V to around 33 at -0.6 V. Note that the resultant
Rorr values obtained by these pulsed erase at low voltage, ranging from around 25
kQ at - 0.6 V to 390 kQ at -2 V, were very much smaller than the resistance of fresh
(un-cycled) devices or even cells that were erased with long (DC) voltage sweeps of
around -1 V. However it is important to note that this maximal RprF that is typically in
the order of 100 MQ or more [78], is characteristic of a device whose solid electrolyte
contains only the Ag added during the processing steps involved in fabrication of PMC
cells. The lower Rprr seen in this experiment (and rest of this chapter) was most likely
due to the additional silver that was added during the programming but not fully re-
moved as a result of smaller erase voltages or shorter erase pulses (compared to DC
sweeps). Nevertheless, even with a reduced Rprr, the Rorpr/Rop ratios are still suffi-
ciently large even at the lowest programming voltage to permit simple sensing schemes

to be employed.
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5.4 Low voltage cycling

The program and erase voltage magnitudes used in this chapter, during cycling were
adjusted in order to obtain steady cycling throughout the test period and 550 mV was
found to produce consistent cycling results, thereby fulfilling the desire to operate be-
low 0.6 V as mentioned before. Long (1 ms) programming and erase pulses that were
symmetrical in pulse widths, were used to ensure that the devices switched and stabi-
lized during each half-cycle to allow accurate measurements of both Rpy and Rpgr to
be taken for every programming and erase operation. The cell resistance in the pro-
gram (Rpy) and erase (Rprr) half-cycles of the cycle can be determined by applying
the simple voltage divider rule shown below.

( Vineur

Ron,orrF = RL —1) (5.1)

Vourrur

Fig. 5.3 shows typical cycling voltage traces as seen on the two channels of the
DO for a programming voltage (Vp) of 550 mV and an erase voltage (Vg) of -550 mV.
The dashed line is the input signal from the PGU and the solid line is the voltage trace
across Ry. Ry was fixed, at 10 kQ in this case and hence the symmetric voltages led
to peak (while the device was in its ON state) program and erase current magnitudes
that were approximately equal in each PE cycle. As seen in Fig. 5.3, the voltage drop
across Ry in the case of the device programmed at 550 mV is approximately 0.36x the
input voltage, resulting in an average Roy that is around 1.8Rz. Similarly, the voltage
drop across Ry, following the sharp erase event after the application of -550 mV is less
than 1/10th the applied voltage, resulting in a Ropr that is greater than 10R; during
the erase cycle (Rorr/Rony > 10). The Rorr/Ron ratio following the erase pulse is
consistent with the results shown in Fig. 5.2.

Devices were subjected to 10* PE cycles with Vp = +550 mV, Vg = -550 mV,
with Ry values of 1 kQ, 10 kQ, 100 kQ, and 500 kQ to determine the influence of

cycling current on Rpy and Rprpr. Long (1 ms) program and erase pulses were again
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Figure 5.3: Voltage trace observed across the two channels of the DO (input and output)
during the low voltage cycling of a PMC device with Rpy = 10 kQ

used to allow accurate measurements of both Rpy and Rprr to be taken for each cycle.
With Ry = 500 k€Q, the largest value used in this chapter, the PMC device was pro-
grammed to an average Roy in the order of 1.5 MQ or 3R;, limiting the average peak
program (Ip) and erase (Ig) currents to Ip =Ig 0.27 pA. Similarly with Ry = 1 kQ, the
smallest value used in this analysis, the device was programmed to an average Roy ~
1.5kQ (1.5 Ry ) yielding a peak Ip = Ip ~ 220 nA. The measured median (tsg) Roy and
Rorr, Rorr/Roy ratio, and the peak current attained for all R;, values used during 10*
PE cycles are shown in Table. 5.1. Also shown in this figure is the ratio of the standard
deviation of Rpy (STD) to the median value of Ry, which will be discussed in more
detail later.

The variation of Roy and Rprr with the peak current used during cycling (from
Table. 5.1) is shown in Fig. 5.4 and the ratios: Ron/Rz, Rorr/Rr, and Rorpr/Ron as

a function of Ry are shown in Fig. 5.5. Rpy decreases with increasing programming
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Figure 5.5: Variation of the ratios: Ron/Rz, Rorr/Rr, and Rorr/Ron as a function of
Ry with low voltage cycling

81



Ry (k) . Ron (k) . ROF‘F Peak current Rogs / Row
Median | STD / Median Median (nA)
1 1.46 0.074 17.08 kQ 220 11.7
10 18.27 0.278 332.8kQ 55 18.2
100 238.5 0.291 10.98 MQ 1.6 46
500 1520 0.33 43.67 MQ 0.27 28.8

Table 5.1: Median (ts9) Roy and Rorr, Rorpr/Ron, and peak current for different Ry
during 10* PE cycles

current as expected from the results of previous work [6] on PMC programming, but in

this case, Rgy becomes higher for increasing R;, than would be predicted by a simple

inverse linear relationship between Rpy and Ip. Hence the cell either undergo softer

programming at higher Ry, than expected, possibly due to the increased effects of par-

asitics at such high resistances, or that the programming is slightly harder at lower Ry,

possibly due to thermal effects (Joule heating) caused by the high current flow for the

relatively low ON and OFF state resistances. More work is required to determine the

exact cause of this non-linearity, although a similar effect has been noted in previous

PMC programming studies at higher voltage [6].
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=-550 mV
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Fig. 5.6 shows the Rpy and Rppp distributions (cumulative probability vs. re-
sistance) for the same devices cycled with the four different Ry values (1 kQ, 10 kQ,
100 kQ, and 500 kQ) for 10* PE cycles (Vp =+550 mV for 1 ms and Vg =-550 mV for
1 ms). Importantly Rpy and Rorr were measured for every cycle to produce these cu-
mulative probability plots. The high resistance distributions of the Rpgf plots above the
107 Q range are artificially wide due to the limitations of the measurement setup. It is
evident from the plots (and from Table. 5.1) that the distributions of Rpy and Rorr are
narrowest for the lowest Ry/ highest Ip and Ig (ignoring the artificial broadening of the
resistance ranges in the high resistance regions), leading to the widest margin between
the ON and OFF tail states, i.e., those with cumulative probability > 0.99 for Rpy and
< 0.01 for Rppp. But the margin between ON and OFF states clearly decreases with
increasing Ry. There is no overlap between the Rpy and Rogr distributions for Ry, =
1 kQ to 100 kQ, except two (out of 10* programmed states) high resistance outliers In
case of Ry = 10 k€Q, allowing such low voltage and low current cycling to be employed
with adequate differentiation between the stored states. However, approximately 1 of
the programmed states overlap in the case of Rpy = 500 k€, making it unacceptable

for data storage.
5.5 Effect of cycling on program kinetics

In order to study the effect of cycling on the programming time (tp), devices were
cycled as before (Vp = +550 mV for 1 ms and Vg = -550 mV for 1 ms) for different
numbers of cycles and with different Ry values (1 kQ, 10 kQ, 100 kQ, and 500 k<),
and tp was determined after cycling using the DO to measure the time between the input
pulse rising edge (Vp = 1V) and the rise in output voltage. Comparison of post-cycled
device tp to that of a fresh device (approximately 100 us for these test conditions) was
the main objective of this section.

Five to ten tp measurements were made on ten different devices after 5 x 10*

cycles with different Ry and the ratio of post-cycling tp to the tp of the fresh (un-
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Figure 5.7: Ratio of post-cycling tp to tp (tyory—p) Of a fresh device after 5 x 10*
cycles vs. Rp

cycled) device, termed normalized tp (tyogry—p), Was calculated for this analysis. It
is important to note that a normalized value of 1 implies that there was no change in
program time after cycling. The results of this analysis are shown in Fig. 5.7, which
gives the distribution of tyogryr—p vs. Ry after 5 x 10% cycles. It is evident from the plot
that there is no significant difference in tp following cycling for higher R;, values but
there appears to be a slight upward trend in tyogp—p for lower Ry, indicating that the
devices are moderately slower following cycling.

Next, five to ten tp measurements were made on ten different devices after dif-
ferent number of PE cycles, from 10 to 1.5 x 10° cycles, with R; = 100 kQ (Ip = I
= 1.6 uA) to further analyze the performance of PMC cells after cycling them at low
currents. The tp obtained after a particular number of cycles was normalized to the tp
of the same device before it was cycled (fresh device) as before and Fig. 5.8 shows the

results of this analysis. There was no clear relationship between the tyory—p and the
85



R, =100 kQ2

tNORP-P
[—

0 L L 1 1
103 104 105 10¢

RL (2)

Figure 5.8: Ratio of post-cycling tp to tp (tyorym—p) of a fresh device cycled with Ry =
100 k€ vs. number of cycles

number of cycles, and their values remained close to or slightly less than 1 after 1.5 x
10% cycles. This confirmed that the programming time of the devices is not affected by

high numbers of cycles with low Ip and Ig.
5.6 Discussion

The low voltage symmetric cycling conditions selected for these experiments led to
stable PE cycling but the value of the current limiting series resistor had a significant
effect not only on Rpy but also on Rprr and on the distributions of these parameters.
The relationship between Rorr/Roy and the erase voltage for single pulse erase, as
shown in Fig. 5.2, combined with the data of Fig. 5.4, Fig. 5.5 and Fig. 5.6, suggest
that a low voltage erase as part of low voltage cycling scheme will result in an OFF
state resistance that is not necessarily the same as a fresh (unwritten) or deeply erased

device but is actually only a few multiples of 10 higher than the Rpy (~ 10x - 50x) of
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the device. As mentioned previously, this strongly suggests that the maximum current
limit created by Ry sets Rpy as expected, albeit in a somewhat non-linear fashion
which must be investigated further, but that the erase conditions during the dissolution
of the filament result in incomplete removal of electrodeposited Ag in the electrolyte.
Previous work on PMC cells regarding their erase process [59] determined that the
dissolution process has a strong electrochemical character, i.e., the conducting filament
created by reduction of Ag ions during the programming step is oxidized and the ions so
created removed from the filamentary region by the electric field. A limited current and
limited bias will therefore result in limited oxidation and transport of the filamentary
silver.

In devices programmed to low Rpy with a high programming current, the ini-
tial filament will be relatively thicker [6] and partial dissolution will likely result in
a residual but still largely intact filament, hence the low Ropp values obtained. As
Ron becomes higher with lower Ip, the partial dissolution of the narrower filament will
likely result in a more fragmented OFF state pathway and consequently higher Rorr.
This more fragmented filament is likely to result in a larger spread in Rorr, which
is what is seen in the results of Fig. 5.6 for the higher values of R; (noting that the
resistance values over 107 Q are not accurate due to measurement limitations). How-
ever, the distributions in Fig. 5.6 of the 10* Roy and Ropp states in the case of Ry =
1 kQ (Ip =g =220 uA) are near-Gaussian (straight line in the cumulative probability
plot) and with a relatively small standard deviation, as indicated by the high slope of
the lines and the data shown in Table. 5.1. This suggests that both the ON and OFF
states are well defined. The Rpy distributions remain somewhat Gaussian until they
reach very high values in the case of Ry = 500 k€ but the standard deviation increases
with increasing Ry, or decreasing Ip (Table. 5.1). This increase in standard deviation is
expected as the filaments that constitute the higher resistance ON states are thought to

be thinner, less well defined, and more fragile (more susceptible to thermal diffusion)
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and hence the range of resistances they produce, even for near identical programming
conditions, will tend to be larger.

It was noted during this work that there is no obvious change in programming
time for lower programming currents, even after 1.5 million cycles, but there would
appear to be a slight increase in tp following cycling at the highest currents. It can be
seen that the ratio of Rprr to Ry decreases with decreasing Ry from Fig. 5.5. Hence
when a voltage is applied across both the PMC cell and Ry, the voltage drop across
the PMC element is proportionally less for the low Ry, case than for the high R; case.
Again from previous work [6] on PMC erase operation, it is clear that tp increases
exponentially with decreasing voltage across the device. Hence, the slight increase in
tp noted after 5 x 10* cycles with lower R; is due to the reduction in the voltage across
the PMC element and not due to the deterioration of the device due to cycling at high

currents.
5.7 Summary of low voltage cycling on PMC devices

This chapter demonstrated that it is possible to utilize symmetric program-erase cycling
for PMC devices at voltages that are within the specification of the nanoscale geometry
devices at the end of the current version of the International Technology Roadmap for
Semiconductors (<0.6 V) [79]. Single pulse erasing of devices programmed to a low
Ron suggested that the average Rorr/Ron ratio decreased with decreasing erase volt-
age, from a maximum of 520 at Vg = -2 V to around 33 at -0.6 V. This indicated that
a low cycling voltage was probably less effective at removing the electrodeposited sil-
ver which had been added during the programming cycle but that the Rorr/Ropn ratios
were still sufficiently large (>10) to permit simple sensing schemes to be employed.
The maximum current limit during cycling set by series resistance Ry defines the ON
state resistance of the device and the symmetric low voltage erase conditions result in
an OFF state resistance that is a few multiples of ten (~ 10x - 50x) higher than the ON

state resistance for a wide range of program/erase currents (0.27 to 220 uA).
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The distributions of Rpy and Rppp are narrowest for the lowest Ry, leading
to the widest margin between the highest ON and lowest OFF (tail) states, however,
the margin between these states clearly decreases with increasing Ry even though the
average Rorr/Ropn ratio generally increases with increasing Ry. There was little or
no overlap between the Rpy and Rppr distributions for Ry = 1 kQ to 100 kQ, which
would allow low voltage and low current cycling to be employed with adequate differ-
entiation between the stored states, but significant tail state overlap occurs in the case
of Rz =500 kQ. We believe that the wide resistance distributions in both the ON and
OFF states at lower programming currents are due to less well-defined or fragmented
residual filaments following program and erase operations respectively. Finally, there
is no significant change in switching speed with the number of low voltage symmetric
program-erase operations up to 1.5 x 10° cycles but lower values of Ry tend to lead to
slightly slower switching speed due to the lower voltage drop across the device in its

relatively low resistance off state.
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Chapter 6

SWEPT COMPLIANCE PROGRAMMING AND PRE-CONDITIONING OF PMC
CELLS

6.1 Introduction

Programmable metallization memory cell is also referred as Conductive Bridge Ran-
dom Access memory (CBRAM) sometimes [80]. Fig. 6.1 shows a schematic of 1TIR
CBRAM cells used in this chapter. The construction shown in Fig. 6.1 provides more
control on the CBRAM cell as it allows easy dynamic modulation of current through
the memory element by controlling the word line of the access transistor. The pro-
cess steps for the cells used in this chapter were similar to the basic processing steps
previously discussed in chapter 2 of this work.

Chapters 3 to 5 discussed in detail the retention, erase process and cycling be-
havior of PMC cells. All the chapters discussed the variations found in the experiments

in PMC cells, particularly the variation in the behavior of PMC ON states. Or simi-

VSL

BL

Storage
Dielectric

Access
Transistor

Figure 6.1: Schematic of ITIR CBRAM cells used this chapter [9]
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Figure 6.2: Variation of Ry with time for 50 states on one CBRAM cell programmed
(to similar Rpy in every trial) and stressed with a constant stress voltage Vsrgress = -75
mV

lar resistance PMC ON states behaved differently under similar stress/erase conditions
(Fig. 3.16 for example). This was attributed to variation in process conditions and ex-
perimental setups involved. These tests were performed on test cells fabricated at ASU
on base wafers provided by Qimonda. These test devices were discrete test devices
that were not in arranged large arrays with access transistors. They were processed in a
class 100 cleanroom and hence variations in materials, equipment and procedures were
expected [81]. So it was difficult to identify the reason behind the variation (whether
it was inherent to the cells or was due to non-ideal external conditions) found in the
experiments so far.

Fig. 6.2 shows the variation of Rpy with time for 50 states on one CBRAM cell
programmed (to similar Rpy in every trial) and stressed with a constant stress voltage

Vsrress = -75 mV. The cell was programmed with a current limit set by the word line
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of the access transistor (Vi = a high constant voltage to allow the flow of sufficient
programming current) to achieve a Roy ~ 50 kQ every trial with Vg; - Vpr (= Vegrr)
maintained at constant bias voltages (DC programming). After programming the cell,
a constant negative stress voltage (-75 mV in Fig. 6.2) was forced across the cell and
its resistance was monitored. As seen in chapter 3, the ON states remained relatively
stable (with a gradual increase) for a certain time and transitioned to the OFF state
abruptly after a certain time (called tg as before). The cell was then reprogrammed
with similar current limit and stressed again. This process was repeated 50 times on
the same cell. As seen from the figure, tg varied from around 0.1 s to 10 s for 50 states
programmed with similar bias conditions and on the same cell. Hence though the cell
was programmed to similar Rpy (Roy—ivT74L) In every trial, the variation of tg under
the same negative voltage varied almost between two orders of magnitude. Since these
cells were fabricated under much better processing conditions, not all of this variation
could be attributed to the process. As mentioned previously since a CBRAM cell works
as a memory element by repeatedly growing and dissolving a CF, a significant amount
of statistical variation could be inherent to the device. Though variation in parameters
is acceptable in any memory technology, it makes the optimization of cycling condi-
tions for a particular application more challenging and more so in Multi-Level (ML)

applications.

6.2 Swept compliance programming
Non-similar programming energy

In Fig. 6.2 the cell was programmed with a constant bias to all the three terminals, Vpy,
Vwr and Vg or the cell was programmed with a Constant Compliance (CC) current
(since Vy 1 was constant). Fig. 6.3 shows the variation of Ry with time for 50 states
on one CBRAM cell programmed (to similar Rpy in every trial) and stressed with a
constant stress voltage Vgrgress = -75 mV, but programmed with Swept Compliance

(SC) programming. Or Vy of the access transistor was swept from zero to its final
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Figure 6.3: Variation of Ry with time for 50 states on one CBRAM cell programmed
(to similar Rpy in every trial) and stressed with a constant stress voltage Vsrgress = -75
mV, but programmed with swept compliance

(high) value (final value was the same as in Fig. 6.2) in around 100 DC steps during
the programming operation, while Vp;, and Vg were maintained at the same constant
voltage as before. Since the gate voltage of the access transistor or Vyy;, determines
the current flow in through the CBRAM cell, if V1 is swept instead of being held
constant, the current limit is also varied from zero to a final (high) value during the
programming operation of the cell. This current sweep (achieved through Vy sweep)
is shown in Fig. 6.4 for CC and SC programming. The y-axis shows the current flowing
through the CBRAM cell during the programming operation and the x-axis shows the
step number of the DC voltage sweep of V. In CC programming the current remains
fairly constant during the programming operation (though in CC, Vy was swept in

a small range close to the final value in order to keep the number of DC sweep steps
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Figure 6.4: Current sweep (achieved through Vy 1 sweep) for constant compliance and
swept compliance programming. The y-axis shows the current flowing through the
CBRAM cell during the programming operation and the x-axis shows the step number
of the DC voltage sweep of Vi,

similar to SC programming) while in SC programming the current varies continuously
from O to a maximum current in ~ 100 steps (V. sweep steps). The maximum final
current (Icopp—pProGg) Was maintained the same in both cases.

Comparing Fig. 6.2 and Fig. 6.3 it can be clearly seen that the ON states pro-
grammed with SC behaved differently than states programmed with CC. Though the
Ron—initiaL of the states programmed with SC were similar (~ 50 kQ) to the ones
programmed with CC, their behavior with time under the same negative voltage stress
(VstrESs = -75 mV) was much more similar to each other than the ones programmed
with CC or the variation in tg of the 50 states programmed with SC was very mini-
mal. Another observation from Fig. 6.3 is that the transition from the ON to OFF state
of the states programmed with SC is gradual and not abrupt as in case of the states
programmed with CC.

Fig. 6.5 shows the variation of tg as a function of trial number for states pro-

grammed with CC and SC. This figure again emphasizes the fact that the variation in
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Figure 6.7: Current variation with sweep step number during a CC and a SC program-
ming operation (same as in Fig. 6.4) but with areas under the curve (programming
energies) for the two types of programming

tg for states programmed with SC is much smaller than the ones programmed with CC.
Fig. 6.6 shows the variance of tg of 50 states programmed with SC and CC. The tg of
states programmed with SC fall into a much smaller window than the ones programmed
with CC, indicating that the states programmed with SC behave more uniformly than

the ones programmed with CC under negative stress.

Similar programming energy

Fig. 6.7 shows the program current (Icopp—proc) evolution with step number during
a CC and a SC programming operations (same as in Fig. 6.4) but with areas under the
curve for the two types of programming as well. Since the DC sweep step number is
equivalent to the sweep time (as 1 DC sweep step ~ 1 s), the area under the curves for
the two types of programming is equivalent to the programming energy used in each
case. It can be seen from the plot that the energies are not equivalent in both the cases.

To allow for a more fair comparison of tg in the two types of programming, this sec-
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Figure 6.8: Current variation with sweep step number during a CC and SC program-
ming operation with sweep steps adjusted to achieve similar programming energies in
both types of programming for a more fair comparison of tg variation

tion details the results of SC and CC programming with similar programming energies
as shown in Fig. 6.8. The sweep steps were adjusted during SC (while the maximum
current compliance was maintained the same) to achieve similar programming ener-
gies in both cases and the experiments detailed in the previous section were repeated.
Fig. 6.9, Fig. 6.10 and Fig. 6.11 show the results of these experiments and it can be
seen that the behavior of the ON states pre-conditioned with SC (with programming
enegry made equal to CC) is similar to the ones obtained in the previous section (lower
programming energy used in SC, compared to CC) and SC programming does indeed
improve the behavior of similar ON states by reducing the variation in tg under the

same negative voltage stress.
6.3 Discussion on swept compliance programming

It was clear from the previous section that SC programming improved the performance
of similar resistance ON states in CBRAM cells under stress by reducing the variation
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Figure 6.9: Variation of Ry with time for one CBRAM cell programmed (to similar
Rons) and stressed, for 50 trials with a constant stress voltage Vgrgress = -75 mV,
programmed with CC (RED) and SC (BLUE) when similar programming energies were
used

in tg. It is important to note that the current limit is gradually increased during SC
programming while it is maintained fairly constant during CC programming with the
other parameters identical in both cases. It is a known fact that the erase process in a
memory cells similar to PMC cells depends on the programmed CF as the erase initiates
at the neck of the CF, at its intersection with the top electrode due to its difference in
curvature compared to the top electrode [68] . If the grown CF is identical in every
cycle, then its erase behavior in every cycle will also be similar and hence the variation
in tg will be minimal. Hence to achieve a better erase performance, programming
operation must be optimized. From previous programming work [6], it was shown that
the programming process in CBRAM cells has two stages, the formation and the growth
of the CF. The idea behind SC programming is that by maintaining a low current during
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Figure 6.10: tg of 50 states programmed with SC and CC when similar programming
energies were used

the initial stage of the formation of the CF, the CF growth can be controlled better or
that a low current programming (during the first stage) will create a conductive pathway
in the solid electrolyte layer, that will ensure the growth of CF (approximately) in the
same location in the electrolyte in every cycle, analogous to an some kind of ’electrical
forming’ of the electrolyte. In CC programming, since the current limit is held constant
at a high value from the beginning of the programming operation, the growth of the CF
is more abrupt and hence the location and the size of the grown CF in every cycle is
prone to statistical variations, resulting in a higher variation in tg. However the results
discussed so far were experiments performed with DC voltages and on I TIR CBRAM
cells. Next section in this chapter discusses the pulse cycling (AC) results on a bigger
population of CBRAM cells with the SC programming used for pre-conditioning cells

to improve their Program-Erase (PE) cycling performance.
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Figure 6.11: Variance of tg of 50 states programmed with SC and CC when similar
programming energies were used

6.4 Pre-conditioning

Pre-conditioning is a general concept in which an entity is exposed to a form of some
stress or stimulus in order to prepare that entity to be more resilient against the stimulus
when and if the stimulus is encountered in the future [82]. Pre-conditioning is a com-
mon practice in memory industry where a memory device is subjected to some kind of
electrical or thermal treatment to ensure better performance when it is subjected to its
actual use. It could be a thermal bake, a few strong PE cycles, a long voltage forming
step, etc. In general pre-conditioning is aimed at improving the future cycling opera-
tion in a memory cell. For example in CBRAM, pre-conditioning is used to improve PE
cycling yield, resistance distributions, etc. During the pre-conditioning operation, the
memory cells are subjected to a few PE cycles (< 10) with more severe programming
(and erase) conditions than what they might encounter during their cycling and this is

expected to improve their cycling performance.
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From the last section in this chapter it was found that maintaining a low current
compliance (by sweeping V1 instead of using a constant Vy 1) improved the erase
performance of similar resistance ON states. This section details the use of SC pro-
gramming during the pre-conditioning process instead of the strong pre-conditioning
traditionally used. However SC programming used DC conditions and 1TIR cells.
Cells used in this section were constructed in bigger arrays and all the experiments
detailed here had a sample size of 210 cells (referred as 210 bits) providing a bigger
sample for a more careful statistical analysis. Fast voltage pulses were used for the re-
sults in this section instead of DC voltages. However due to the complexity of the cell
architecture and some measurement setups involved, sweeping Vy; was difficult and
hence instead of sweeping Vy 1 it was maintained constant but at a low voltage (lowest
possible) to allow very minimal current flow during the pre-conditioning step.

Table. 6.1 summarizes briefly the pre-conditioning and cycling parameters used
in this section. Table. 6.1(a) shows the conditions for High Current Pre-Conditioning
(HCPC). Table. 6.1(c) is the Standard Compliance (Std-C) cycling condition used in
this section. It is important to notice the difference in the programming current (Ipgoc
or Icomp—pPrOG), Voltage across the CBRAM cell (Vs -Vpr) and the Pulse Width (PW)
used during HCPC and Std-C. During HCPC, Iprog, Vcerr and PWpgrog are much
higher than the ones in Std-C. 210 CBRAM bits (sample size) were pre-conditioned
using HCPC and then are cycled using Std-C (this sample is called the control sample)

and their cycling performance was analyzed.
6.5 Low current pre-conditioning

Low Current Pre-Conditioning (LCPC) refers to a few PE cycles (< 10) used before
cycling the memory cells to improve their cycling performance. Table. 6.1(b) shows
the parameters used during LCPC and comparing it with Table. 6.1(a), it can be seen
that Iproc and Vegrr are much lower in LCPC than HCPC and this is to ensure that

no significant programming occurs in the programming half-cycle of LCPC. Also the
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(a) HCPC (Pre-condition) (b) LCPC (Pre-condition)
PROG ERAS PROG ERAS
Ieowe | Z150pA | Loy NONE Leome <6 A Lcome NONE
PW > | ms PW > 1 ms PW > 100 ms PW >1ms
Ver >2V Ver <-15V Ve <lv Verw <-15V
(c) Std-C (Cycling)
PROG ERAS
Icowp | <100pA | Teoyp NONE
PW <100 ps PW <100 ps
Verww <2V Vep >-2V

Table 6.1: Various parameters used during pre-conditioning and cycling of CBRAM
cells in this section

PWprog of LCPC is much greater than HCPC and this is to replicate the DC conditions
that caused the “electrical forming’ effect that was found during SC programming in the
previous section of this chapter. It is important to notice that the erase half-cycle of both
LCPC and HCPC were similar. Hence another 210 CBRAM bits were pre-conditioned
using LCPC and cycled with Std-C and their cycling performance was compared to the
control sample. The rows highlighted in yellow in Table. 6.1 show the parameters that
differ between LCPC and HCPC. From Table. 6.1(c) there are three important param-
eters during pre-conditioning and cycling; Maximum current allowed during the pro-
gramming operation (Icoyp—proc), cell voltage (V) and pulse width used during
the programming operation (PWprog). To optimize the conditions in LCPC these three
parameters, lcoyp—prroG, Vcerr and PWpgog were varied and results were compared
to the control sample.

Three types of plots/parameters were used to compare the performance of LCPC
with HCPC; Cumulative Yield (CY), Per-cycle Yield (PY) and the resistance distribu-
tion (Roy and Rppr). PY refers to the number of bits passing in that cycle given either

in % or in number of bits. CY refers to the number of bits that have passed till that
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Figure 6.12: Variation of CY of the control sample and LCPC with four different

LCPC-PWprog with number of PE cycles, with Iprog—comp < 6 LA and Vg =
09V

cycle or it is the accumulation of the number of passed bits till that cycle. For example
if the PY at cycle number 35 is 90 %, then 10 % of the bits failed in cycle 35. However
if the CY at cycle 35 is 90 %, then 10 % of the bits have failed at least once in some

cycle before 36.

LCPC - PWproG

It was seen from the first section of this chapter that sweeping Vy, or the compliance
current slowly during the programming operation improved the erase performance of
the CBRAM cells. To replicate this effect on a bigger array of cells (instead of 1T1R),
LCPC - PWpgog was varied between 1 ms to 100 s and the CY and PY were compared
with the control sample. Fig. 6.12 shows the CY of the control sample (always shown
in black) and LCPC with four different PWpgro. For these experiments the other two
LCPC factors were fixed at Iprog—comp < 6 UA and Vcgrr = 0.9 V. Also shown in
the figure is another sample that was not pre-conditioned using HCPC or LCPC (un-
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conditioned), but only cycled using Std-C. Most importantly, it can be seen from the
figure that HCPC improved the performance of CBRAM cells, by improving the CY
~ 20 % by the end of 50 PE cycles or CY for the sample pre-conditioned using HCPC
was 20 % higher than the CY for the sample that was un-conditioned (shown in grey
color), emphasizing the importance of pre-conditioning in CBRAM cells. However it
can also be seen that the cycling performance of CBRAM cells pre-conditioned with
LCPC (all four LCPC-PWpgrog) was much better than the ones pre-conditioned with
HCPC, with the sample pre-conditioned with LCPC-PWpgoG = 1 s yielding the best
CY improvement at the end of 50 PE cycles, of ~ 30 % when compared to the control
sample (this improvement is shown with the blue colored arrow in the figure). The
sample pre-conditioned with LCPC that yielded the most improvement in CY at the
end of 50 PE cycles (compared to the control sample) is shown in "bold’ in the legend
of the figures.

Fig. 6.13 shows the variation of PY of the control sample and LCPC with four
different LCPC-PW pgroc with number of PE cycles. The y-axis of the figure shows the
number of bits that passed programming and erase in that cycle (out of the 210 bits
used), hence if 210 bits passed in a cycle, the PY of that cycle is 100 %. Again the
improvement in cycling performance for cells pre-conditioned with all LCPC-PW pgroG
is clearly seen from the figure, with LCPC-PWpgoG = 1 s, yielding the best PY (>
99 %) through out the cycling period. Hence LCPC helped improving the cycling
performance of CBRAM cells, similar to SC (noticed previously), and it was found

that a LCPC-PWprog = 1 s yielded the best performance.

LCPC-VcErLL

With the programming pulse width during LCPC optimized in the previous section,
the next parameter that was varied was the cell voltage or Vg which is essentially
the voltage across the series combination of the CBRAM cell and the access transistor

(Fig. 6.1). Fig. 6.14 shows the CY of the control sample and LCPC with four differ-
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Figure 6.13: Variation of PY of the control sample and LCPC with four different LCPC-
PWproc with number of PE cycles

ent LCPC-Vgrr, with Iprog—comp < 6 LA and PWprog = 1 s (best condition from
Fig. 6.12 and Fig. 6.13). It is clear from the figure that there is a definite improvement
in the cycling performance of CBRAM cells pre-conditioned with all LCPC-V gy,
except for the highest value of Vcgrr = 1.3 V (discussed later). Also again the best
yield is from the sample pre-conditioned with LCPC-V¢grr =0.9 V.

Fig. 6.15 shows the variation of PY of the control sample and LCPC with four
different LCPC-V g with number of PE cycles. The y-axis of the figure shows the
number of bits that passed programming and erase in that cycle (out of the 210 bits
used). Again the improvement in cycling performance for cells pre-conditioned with
all LCPC-V gy is clearly seen from the figure, with LCPC-V¢grr = 0.9 V, yielding

the best PY (~ 100 %) through out the cycling period.
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Figure 6.14: Variation of CY of the control sample and LCPC with four different
LCPC-V g with number of PE cycles, with Iprog—comp < 6 LA and PWpgog =
1 s (best condition from Fig. 6.12 and Fig. 6.13)

LCPC-IproG

The last of the three parameters in LCPC that was optimized was Icoyp—proc and for
these experiments the other two parameters were set at their optimized values from
Fig. 6.12 and Fig. 6.14 at PWpgog = 1 s and Vg = 0.9 V. LCPC-lcopmp—proG Was
varied from 6 yA to 24 yA and the results were compared with the control sample.
Fig. 6.16 shows the CY and Fig. 6.17 shows the PY of the control sample and LCPC
with three different LCPC-Icomp—pPrOG-

Results in Fig. 6.16 differ from previous results in Fig. 6.12 and Fig. 6.14 where
irrespective of the parameter values, LCPC improved the CY and the PY over the con-
trol sample. It can be seen from Fig. 6.16, that except for LCPC-lcoyp—prog < 6
UA, the cycling performance of the samples pre-conditioned with the other two LCPC-
Ilcomp—pPrOG Was worse than the control sample. However the improvement in CY in

the sample pre-conditioned with LCPC-Icopyp—prog < 6 WA over the control sample
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Figure 6.15: Variation of PY of the control sample and LCPC with four different LCPC-
Vcerr with number of PE cycles, with Iprog—comp < 6 LA and PWpgog =1 s (best
condition from Fig. 6.12 and Fig. 6.13)

was significant, ~ 30 % by the end of 50 PE cycles. Also Fig. 6.17 suggests that PY
improvement was seen only in the sample pre-conditioned LCPC-Icopp—proGg < 6 HA.

To summarize the observations from Fig. 6.12 - Fig. 6.17, CBRAM cells pre-
conditioned with LCPC showed significant improvement in cycling performance (CY
and PY) over those pre-conditioned with HCPC (control sample). PWpgrog = 1 s,
Veerr =0.9 Vand Icoyp—proc < 6 LA were found out to be the best LCPC parameters
for maximum improvement in cycling performance over the control sample. Fig. 6.14
and Fig. 6.16 suggested that this improvement due to LCPC ceased to exist when Vcgr

or lcoyp—proG Was too high.

6.6 Discussion on LCPC
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From the results in the previous section, it was found that LCPC indeed im-
proved the cycling performance of CBRAM cells as expected based on the results of
swept compliance programming in this first section of this chapter. This improvement
was not subtle, but ~ 30 % in all the best cases. This further suggest that a few cycles
(< 10) of low current pre-conditioning helped improve subsequent cycling performance
of CBRAM cells up to 50 PE cycles (maximum PE cycles used in this work). Similar
to the theory suggested previously for the swept compliance programming, the cells
appeared to have undergone some kind of ’electrical forming” process due to LCPC
that improved their program and/or erase behavior during their subsequent cycling.

To analyze this theory further, the resistance distribution (over number of PE
cycles) of the cells pre-conditioned with HCPC (control) and LCPC (best condition:
PWproGg =158, Veerr =0.9 V and Icoyp—proc < 6 LA) was compared. Fig. 6.18 and
Fig. 6.19 show the variation of median-Rpy and median-Rpgp, respectively with the
error bars (median shown as black lines and the error bars shown as washed out grey
and green solid bars) of the two samples with the number of PE cycles. From Fig. 6.18
it can be seen that there was no noticeable difference in Ry distribution between the
two samples pre-conditioned with HCPC and LCPC. However the Rorp distribution
was significantly different for the sample pre-conditioned with LCPC compared to the
sample pre-conditioned with HCPC as seen in Fig. 6.19. The median-Rprp for the
sample pre-conditioned with LCPC increased to > 10 M€ in a few PE cycles (~ 5)
and the distribution became tighter with increasing number of PE cycles. In contrast,
the median-RorF for the sample pre-conditioned with HCPC remained close < 1 M,
but the distribution widened with increasing PE cycles, suggesting that the variation in
the erase performance of the cells in the sample pre-conditioned with HCPC increased
significantly with cycling. Hence LCPC improved the erase performance of CBRAM
cells during PE cycling, similar to what was observed with swept compliance program-

ming in Fig. 6.3 and Fig. 6.5.
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6.7 Summary of Swept compliance programming and pre-conditioning of PMC cells

The variation found in the behavior of similar resistance ON states in PMC or CBRAM
cells was analyzed more in detail and measures to reduce this variation were looked
into. It was found that sweeping the compliance current (instead of maintaining it at
a constant high value) during the programming operation ensured similar behavior of
CBRAM ON states under stress/erase. However to control the programming current
during the programming operation, cells with an access transistor (Fig. 6.1) or 1TIR
cells were used. Initial tests on 1T1R cells showed marked improvement in terms of
reduced variation in erase times (tz) of similar resistance CBRAM ON states that were
programmed with swept compliance current programming.

To further investigate this effect, a larger cell population (210 bits per sample)
or cells constructed in arrays were used. However due to some restrictions in the cell
architecture and the available measurement setups, the programming current could not
be swept and was chosen to be maintained at the minimum possible value. Also this
setup was used to pre-condition (not to cycle) the CBRAM cells to investigate their
subsequent cycling performance and this pre-conditioning scheme was termed as Low
Current Pre-Conditioning (LCPC). CBRAM cells pre-conditioned with LCPC showed
marked improvements in their cumulative yield and per-cycle yield for up to 50 PE cy-
cles when compared to the cells that were pre-conditioned with the (traditional) High
Current Pre-Conditioning (HCPC). Various LCPC parameters like PW prog, Vg and
Icomp—pProG Were optimized to yield the best improvements in cycling performance
over the control sample. Analyzing and comparing the resistance distribution of sam-
ples pre-conditioned with HCPC and LCPC, it was found that LCPC improved the erase
performance during cycling of CBRAM cells, while not affecting their programming
performance during cycling. This was in agreement with the improvements seen previ-

ously in the erase behavior of the cells programmed with swept compliance currents.
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Chapter 7

CONCLUSIONS

Reliability is one the most significant properties of any non-volatile memory technol-
ogy and the purpose of this work was to analyze the reliability of different low resis-
tance states in PMC devices both under normal operating conditions and under extreme
stress. The stability of low resistance states under no stress and the effect of tempera-
ture on these states were discussed. The kinetics of the erase process in PMC cells was
analyzed and modeled. The feasibility of using PMC cells reliably as memory elements
or PE cycling was investigated.

The low resistance states of PMC devices were found to be very stable at room
temperature but with a gradual increase in resistance with time. The role of temperature
in accelerating the gradual increase in the low resistance state was not clearly evident
and its effect in isolation was hard to establish as a result of the gradual pace of the
mechanism.

Accelerated failure tests with current and voltage stress of different magnitudes
were conducted. Under negative current/voltage stress the low resistance ON state was
lost after some time and the mean times to failure were exponentially related to the
applied field, suggesting that the failure mechanism under stress was caused by ion
migration under the influence of electric field. Failure times (for 10x decrease) in this
case were again exponentially dependent on the applied stress, indicating ion migration
to be the most significant effect causing failure. It was also found that the transition
from different ON states to a 10x increase did not result in a permanent failure or in
other words it was not a hard failure. All the cells could be programmed again after
a stress test without any loss of functionality. This indicated that this transition under
different electrical stressing conditions was similar to a typical erase process in a PMC
device operation. The erase process in PMC devices was studied to address the ON

state stability and the erase operation in pulse mode. The dependence of erase time on
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voltage and on the ON state resistance was characterized and modeled on the basis of
by CF oxidation and Ag ion migration.

It was also demonstrated that it is possible to utilize symmetric program-erase
cycling for PMC devices at voltages that are commensurate with the nanoscale geom-
etry devices at the end of the current version of the International Technology Roadmap
for Semiconductors (<0.6 V). Single pulse erasing of devices programmed to a low
Ron revealed that the average Rorp/Ron ratio decreased with decreasing erase volt-
age, from a maximum of 520 at Vg = - 2 V to around 33 at - 0.6 V. This indicated that
a low cycling voltage was probably less effective at removing the electrodeposited Ag
which had been added during the programming cycle but that the Rorr/Roy ratios are
still sufficiently large (> 10) to permit simple sensing schemes to be employed. The
maximum current limit during cycling set by series resistance Ry defines the ON state
resistance of the device and the symmetric low voltage erase conditions result in an OFF
state resistance that is a few multiples of ten (~ 10x - 50x) higher than the ON state re-
sistance for a wide range of program/erase currents (0.27 to 220 1 A). The distributions
of Rpny and Rprf are narrowest for the lowest Ry, leading to the widest margin between
the highest ON and lowest OFF (tail) states, however, the margin between these states
clearly decreases with increasing Ry even though the average Rorr/Roy ratio gener-
ally increases with increasing Ry . Indeed, there is little or no overlap between the Rpy
and Rorr distributions for Ry = 1 kQ to 100 k€, which would allow low voltage and
low current cycling to be employed with adequate differentiation between the stored
states, but significant tail state overlap occurs in the case of Ry, = 500 k€. The wide
resistance distributions in both the ON and OFF states at lower programming currents
could be due to less well defined or fragmented residual filaments following program
and erase operations respectively.

The variation found in the behavior of similar resistance ON states in PMC or

CBRAM cells was analyzed more in detail and measures to reduce this variation were
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looked into. It was found that sweeping the compliance current (instead of maintaining
it at a constant high value) during the programming operation ensured similar behavior
of CBRAM ON states under stress/erase. However to control the programming current
during the programming operation, cells with an access transistor (Fig. 6.1) or 1TIR
cells were used. Initial tests on 1T1R cells showed marked improvement in terms of
reduced variation in erase times (tz) of similar resistance CBRAM ON states that were
programmed with swept compliance current programming.

To further investigate this effect, a larger cell population (210 bits per sample)
or cells constructed in arrays were used. However due to some restrictions in the cell
architecture and the available measurement setups, the programming current could not
be swept and was chosen to be maintained at the minimum possible value. Also this
setup was used to pre-condition (not to cycle) the CBRAM cells to investigate their
subsequent cycling performance and this pre-conditioning scheme was termed as Low
Current Pre-Conditioning (LCPC). CBRAM cells pre-conditioned with LCPC showed
marked improvements in their cumulative yield and per-cycle yield for up to 50 PE cy-
cles when compared to the cells that were pre-conditioned with the (traditional) High
Current Pre-Conditioning (HCPC). Various LCPC parameters like PW pgrog, Vg and
Icomp—pProG Were optimized to yield the best improvements in cycling performance
over the control sample. Analyzing and comparing the resistance distribution of sam-
ples pre-conditioned with HCPC and LCPC, it was found that LCPC improved the erase
performance during cycling of CBRAM cells, while not affecting their programming
performance during cycling. This was in agreement with the improvements seen previ-

ously in the erase behavior of the cells programmed with swept compliance currents.

116



(1]

(2]

(3]

(4]

[5]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

REFERENCES

R. Bez, E. Camerlenghi, A. Modelli, and A. Visconti, “Introduction to flash mem-
ory,” Proceedings of the IEEE, vol. 91, pp. 489-502, 2003.

J. M. Slaughter, “Recent advances in mram technology,” Device research confer-
ence. 65th annual, pp. 245-246, October 2007.

“Feram  technical  explanation -  fujitsu”  [Online].  Available:
http://www.fujitsu.com/

“The basics of phase change memory technology.” [Online]. Available:
http:///www.numonyx.com/

M. Kund, G. Beitel, C. U. Pinnow, T. Rohr, J. Schumann, R. Symanczyk, K. D.
Ufert, and G. Muller, “Conductive bridging ram (cbram): an emerging non-

volatile memory technology scalable to sub 20nm,” IEEE International Electron
Devices Meeting, IEDM Technical Digest, pp. 754757, 2005.

U. Russo, D. Kamalanathan, D. Ielmini, A. L. Lacaita, and M. N. Kozicki, “Study
of multilevel programming in programmable metallization cell (pmc) memory,”
IEEE Transactions on Electron Devices, vol. 56, pp. 1040-1047, 20009.

M. N. Kozicki and C. Rathnakumar, “Electrodeposit formation in solid elec-
trolytes,” Non-Volatile Memory Technology Symposium, 2006. NVMTS 2006. 7th
Annual, pp. 111-115, 2006.

C. Schindler, K. Szot, S. Karthauser, and R. Waser, “Controlled local filament
growth and dissolution in ag-ge-se,” physica status solidi (RRL) - Rapid Research
Letters, vol. 2, no. 3, pp. 129-131, 2008.

C. Gopalan, Y. Ma, T. Gallo, J. Wang, E. Runnion, J. Saenz, F. Koushan,
and S. Hollmer, “Demonstration of conductive bridging random access memory
cbram in logic cmos process,” Memory Workshop IMW, IEEE International, pp.
1-4, 2010.

K. Kim and J. Choi, “Future outlook of nand flash technology for 40 nm node and
beyond,” In Proceedings 21st Non-Volatile Semiconductor Memory Workshop,
p- 9, 2000.

A. Atwood, “Future directions and challenges for etox flash memory scaling,”
IEEE Transactions on device and material reliability, vol. 4, p. 301, 2004.

P. Pavan, “Flash memory cells-an overview,” Proceedings of the IEEE, vol. 85,
no. 8, pp. 1248-1271, 1997.

117



[13] S. K. Lai, “Floating gate memories: Moore’s law continues,” VLSI Technology,
2005. (VLSI-TSA-Tech). 2005 IEEE VLSI-TSA International Symposium on, pp.
7477, 2005.

[14] A. Neibel, “Flash memory component forecast,” Web-Feet Research, Inc., Octo-
ber 2008.

[15] A. Ricadela, “Sensors everywhere - tiny, wireless sensors may be able
to track anything, anytime, anywhere,” January 2005. [Online]. Available:
http://www.informationweek.com/

[16] T. Starner, “Human-powered wearable computing,” IBM systems journal, vol. 35,
p. 618, 1996.

[17] H. Goronkin and Y. Yang, “High-performance emerging solid-state memory tech-
nologies,” MRS Bulletin, pp. 805-813, November 2004.

[18] G. W. Burr, B. N. Kurdi, J. C. Scott, C. H. Lam, K. Gopalakrishnan, and R. S.
Shenoy, “Overview of candidate device technologies for storage-class memory,”
IBM Journal of Research and Development, vol. 52, pp. 449—464, April 2010.

[19] G. Muller, T. Happ, M. Kund, G. Y. Lee, N. Nagel, and R. Sezi, “Status and out-
look of emerging nonvolatile memory technologies,” Electron Devices Meeting,
IEDM, IEEFE International, pp. 567-570, 2004.

[20] S. Tehrani, M. Slaughter, J, M. Deherrera, B. N. Engel, N. D. Rizzo, J. Salter,
M. Durlam, R. W. Dave, J. Janesky, B. Butcher, K. Smith, and G. Grynkewich,

“Magnetoresistive random access memory using magnetic tunnel junctions,” Pro-
ceedings of the IEEE, vol. 91, p. 703, 2003.

[21] S. Ikeda, J. Hayakawa, F. Young Min Lee Matsukura, Y. Ohno, T. Hanyu, and
H. Ohno, “Magnetic tunnel junctions for spintronic memories and beyond,” IEEE
Transactions in Electron Devices, vol. 54, p. 991, 2007.

[22] B. N. Engel, J. kerman, B. Butcher, R. W. Dave, M. DeHerrera, M. Durlam,
G. Grynkewich, J. Janesky, S. V. Pietambaram, N. D. Rizzo, J. M. Slaughter,
K. Smith, J. J. Sun, and S. Tehrani, “A 4-mb toggle mram based on a novel bit
and switching method,” IEEE Transactions on Magnetics, pp. 132—-136, January
2005.

[23] G. H. Koh, H. J. Kim, W. C. Jeong, J. H. Oh, J. H. Park, S. Y. Lee, G. Jeong,
I. J. Hwang, T. W. Kim, J. E. Lee, H. J. Kim, H. O. Park, U. L. Jeong, H. S.
Jeong, and K. Kinam, “Fabrication of high performance 64 kb mram,” Journal of

Magnetism and Magnetic Materials, Proceedings of the International Conference
on Magnetism, vol. 272-276, pp. 1941-1942, January 2004.

118



[24]

[25]

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

N. Derhacobian, S. C. Holmer, N. Gilbert, and M. N. Kozicki, “Power and en-
ergy perspectives of nonvolatile memory technologies,” Proceedings of the IEEE,
vol. 98, pp. 283-298, 2010.

T. Hayashi, Y. Igarashi, D. Inomata, T. Ichimori, T. Mitsuhashi, K. Ashikaga,
T. Ito, M. Yoshimaru, M. Nagata, S. Mitarai, H. Godaiin, T. Nagahama, C. Isobe,
H. Moriya, M. Shoji, Y. Ito, H. Kuroda, and M. Sasaki, “A novel stack capacitor
cell for high density feram compatible with cmos logic,” IEDM Technical Digest,
2002.

Y. Horri, Y. Hikosaka, A. Itoh, K. Matsuura, M. Kurasawa, G. Komuro,
K. Maruyama, T. Eshita, and S. Kashiwagi, “4 mbit embedded fram for high
performance system on chip (soc) with large switching charge, reliable retention
and high imprint resistance,” IEDM Technical Digest, 2002.

H. P. McAdams, R. Acklin, T. Blake, J. Xiao-Hong Du Eliason, J. Fong, W. F.
Kraus, D. Liu, S. Madan, T. Moise, S. Natarajan, K. A. Ning Qian Yunchen
Qiu Remack, J. Rodriguez, J. Roscher, A. Seshadri, and S. R. Summerfelt, “A
64-mb embedded fram utilizing a 130-nm 5Im cu/fsg logic process,” IEEE Jour-
nal of Solid State Circuits, vol. 39, p. 667, 2004.

A. Sheikholeslami and P. G. Gulak, “A survey of circuit innovations in ferroelec-
tric random-access memories,” Proceedings of the IEEE, vol. 88, p. 667, 2000.

S. Lai, “Current status of phase change memory and its future,” IEDM Technical
Digest, 2003.

H. Horri, J. H. Yi, J. H. Park, Y. H. Ha, I. G. Baek, S. O. Park, Y. N. Hwang,
S. H. Lee, Y. T. Kim, K. H. Lee, U.-I. Chung, and J. T. Moon, “A novel cell
technology using n-doped gesbte films for phase change ram,” Symposium on
VLSI Technology Digest of Technical Papers, p. 177, 2003.

S. Kang, W. Y. Cho, B. H. Cho, K. J. Lee, C. S. Lee, H. R. Oh, B. G. Choi,
Q. Wang, H. J. Kim, M. H. Park, Y. H. Ro, S. Kim, C. D. Ha, K. S. Kim, Y. R. Kim,
D. E. Kim, C. K. Kwak, H. G. Byun, G. Jeong, H. Jeong, K. Kim, and Y. Shin, “A
0.1-um 1.8-v 256-mb phase-change random access memory (pram) with 66-mhz

synchronous burst-read operation,” IEEE Journal of Solid State Circuits, vol. 42,
p. 210, 2007.

J.H. Oh, J. H. Park, Y. S. Lim, H. S. Lim, Y. T. Oh, J. S. Kim, J. M. Shin, Y. J.
Song, K. C. Ryoo, D. W. Lim, S. S. Park, J. I. Kim, J. H. Kim, J. Yu, F. Yeung,
C. W. Jeong, J. H. Kong, D. H. Kang, G. H. Koh, G. T. Jeong, H. S. Jeong, and
K. Kinam, “Full integration of highly manufacturable 512 mb pram based on 90
nm technology,” IEEE Technical Digest, 2006.

R. Symanczyk, R. Dittrich, J. Keller, M. Kund, G. Muller, B. Ruf, P. H. Albarede,
S. Bournat, L. Bouteille, and A. Duch, “Conductive bridging ram development
119



[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

from single cells to 2 mb arrays,” IEEE Non-Volatile Memory Technology Symp-

possium Technical Digest, p. 70, 2007.

M. N. Kozicki, M. Mitkova, M. Park, M. Balakrishnan, and C. Gopalan, “Infor-
mation storage using nanoscale electrodeposition of metal in solid electrolytes,”
Superlattices and Microstructures,, vol. 34, no. 3-6, pp. 459—-465, 0 2003.

N. E. Gilbert, C. Gopalan, and M. N. Kozicki, “A macro model of programmable
metallization cell devices,” Solid-State Electronics, pp. 1813-1819, 2005.

C. Schindler, M. Weides, M. N. Kozicki, and R. Waser, “Low current resistive
switching in cu-sio2 cells,” Applied Physics Letters, vol. 92, pp. 122 910-3, 2008.

S. Dietrich, M. Angerbauer, M. Ivanov, D. Gogl, H. Hoenigschmid, M. Kund,
C. Liaw, M. Markert, R. Symanczyk, L. Altimime, S. Bournat, and G. Mueller,
“A nonvolatile 2-mbit cbram memory core featuring advanced read and program
control,” IEEE Journal of Solid-State Circuits, vol. 42, pp. 839-845, 2007.

M. Balakrishnan, S. C. P. Thermadam, M. Mitkova, and M. N. Kozicki, “A low
power non-volatile memory element based on copper in deposited silicon oxide,”
Non-Volatile Memory Technology Symposium, pp. 104-110, 2006.

M. N. Kozicki, M. Balakrishnan, C. Gopalan, C. Rathnakumar, and M. Mitkova,
“Programmable metallization cell memory based on ag-ge-s and cu-ge-s solid

electrolytes,” Non-Volatile Memory Technology Symposium, IEEE, pp. 83—89,
2005.

M. Balakrishnan, M. N. Kozicki, C. D. Poweleit, S. Bhagat, T. L. Alford, and
M. Mitkova, “Crystallization effects in annealed thin ges2 films photodiffused
with ag,” Journal of Non-Crystalline Solids, vol. 353, no. 13-15, pp. 1454-1459,
2007.

M. N. Kozicki, R. Symanczyk, M. Balakrishnan, C. Gopalan, and T. Happ, “Elec-
trical characterization of solid state ionic memory elements,” Proceedings of the
Non-Volatile Memory Technology Symposium, pp. 1-6, 2003.

M. Balakrishnan and M. N. Kozicki, “Germanium sulfide based solid electrolytes
for non-volatile memory,” 63rd Device Research Conference Digest DRC, vol. 1,
pp- 4748, 2005.

A. Chen, “Ionic memories status and challenges,” Non-Volatile Memory Technol-
ogy Symposium 9th Annual IEEE, pp. 1-5, November 2008.

T. Kawaguchia and S. Maruno, “Optical, electrical, and structural properties of
amorphous agges and aggese films and comparison of photoinduced and ther-
mally induced phenomena of both systems,” Journal of Applied Physics, vol. 79,
pp. 9096-9104, 1996.

120



[45] M. N. Kozicki, M. Park, and M. Mitkova, “Nanoscale memory elements based
on solid state electrolytes,” IEEE Transactions on Nanotechnology, vol. 4, pp.
331-338, 2005.

[46] M. N. Kozicki and M. Mitkova, “Mass transport in chalcogenide electrolyte films
materials and applications,” Journal of Non-Crystalline Solids,, vol. 352, no. 6-7,
pp. 567-577, May 2006.

[47] S. Schindler, S. C. P. Thermadam, R. Waser, and M. N. Kozicki, “Bipolar and
unipolar resistive switching in cu doped sio2,” IEEE Transactions on Electron
Devices, vol. 54, no. 10, pp. 2762-2768, October 2007.

[48] S. Wolf, “Processing for the vlsi era,” Lattice Press Sunset Beach CA, vol. 4.

[49] C. Gopalan, M. N. Kozicki, S. Bhagat, S. C. P. Thermadam, T. L. Alford, and
M. Mitkova, “Structure of copper doped tungsten oxide films for solid state mem-
ory,” Journal of Non-Crystalline Solids, vol. 353, pp. 1844-1848, April 2007.

[50] A. Antonaia, M. C. Santoro, G. Fameli, and T. Polichetti, “Transport mechanism

and ir structural characterization of evaporated amorphous wo3 films,” Thin Solid
Films, vol. 426, pp. 281-287, 2003.

[51] M. N. Kozicki, C. Gopalan, M. Balakrishnan, M. Park, and M. Mitkova, “Non-
volatile memory based on solid electrolytes,” Non-Volatile Memory Technology
Symposium IEEE, pp. 10-17, 2004.

[52] K. Terabe, T. Hasegawa, T. Nakayama, and M. Aono, “Quantized conductance
atomic switch,” Nature, vol. 433, pp. 47-50, January 2005.

[53] S. Kaeriyama, “A nonvolatile programmable solid electrolyte nanometer switch,”
IEEE Journal of Solid State Circuits, vol. 40, pp. 168—176, January 2005.

[54] T. Sakamoto, “A ta205 solid-electrolyte switch with improved reliability,” Sym-
posium on VLSI Technology, pp. 38-39, June 2007.

[55] K. Tsunoda, “Bipolar resistive switching in polycrystalline tio2 films,” Applied
Physics Letters, vol. 90, pp. 113 501-1-3, March 2007.

[56] Z. Wang, “Resistive switching mechanism in zncds nonvolatile memory devices,”
IEEE Electron Devices Letters, vol. 28, pp. 14-16, January 2007.

[57] N. Banno, T. Sakamoto, S. Fujieda, and M. Aono, “On-state reliability of solid
electrolyte switch,” IEEE Annual International Reliability Physics Symposium,
p. 2, 2008.

[58] D. Kamalanathan, “On state stability of programmable metallization cell (pmc)
memory,” Non-Volatile Memory Technology Symposium IEEE, pp. 91-96, 2007.
121



[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66]

[67]

[68]

[69]

D. Kamalanathan, U. Russo, D. Ielmini, and M. N. Kozicki, “Voltage-driven on-
off transition and tradeoff with program and erase current in programmable metal-
lization cell (pmc) memory,” IEEE Electron Devices Letters, vol. 30, pp. 553-555,
20009.

M. Mitkova, M. N. Kozicki, H. C. Kim, and T. L. Alford, “Local structure result-
ing from photo and thermal diffusion of ag in gese thin films,” Proceedings of the
20th International Conference on Amorphous and Microcrystalline Semiconduc-
tors, vol. 338-340, pp. 552-556, 2004.

P. G. Bruce, Solid state electrochemistry, 1995.

R. Moazzami and C. Hu, “Stress-induced current in thin silicon dioxide films,”
Electron Devices Meeting Technical Digest International, pp. 139-142, 1992.

N. Matsukawa, S. Yamada, K. Amemiya, and H. Hazama, “A hot hole-induced
low-level leakage current in thin silicon dioxide films,” IEEE Transactions on
Electron Devices, vol. 43, no. 11, pp. 1924-1929, 1996.

K. Sakakibara, N. Ajika, M. Hatanaka, H. Miyoshi, and A. Yasuoka, “Identifi-
cation of stress-induced leakage current components and the corresponding trap
models in sio2 films,” IEEE Transactions on Electron Devices, vol. 44, no. 6, pp.
986-992, 1997.

A. Pirovano, A. Redaelli, F. Pellizzer, F. Ottogalli, M. Tosi, D. Ielmini, A. L.
Lacaita, and R. Bez, “Reliability study of phase-change nonvolatile memories,”

IEEE Transactions on Device and Materials Reliability, vol. 4, no. 3, pp. 422-
427, 2004.

K. Kim and S. J. Ahn, “Reliability investigations for manufacturable high density
pram,” Proceedings of Reliability Physics Symposium 43rd Annual IEEE Interna-
tional, pp. 157-162, 2005.

J. R. Black, “Electromigration failure modes in aluminum metallization for semi-
conductor devices,” Proceedings of the IEEE, vol. 57, no. 9, pp. 1587-1594,
September 1969.

X. Guo, C. Schindler, S. Menzel, and R. Waser, “Understanding the switching-off
mechanism in ag+ migration based resistively switching model,” Applied Physics
Letters, vol. 91, pp. 133 513-1, 2007.

E. Misra, C. Marenco, N. D. Theodore, and T. L. Alford, “Failure mechanisms

of silver and aluminum on titanium nitride under high current stress,” Thin Solid
Films, vol. 474, pp. 235-244, March 2005.

122



[70] B. K. Liew, N. W. Cheung, and C. Hu, “Electromigration interconnect lifetime
under ac and pulse dc stress,” Reliability Physics Symposium 27th Annual Pro-
ceedings International, pp. 215-219, 1989.

[71] H.J. Geier, “Electromigration in aluminum, gold; silver thin films,” 1974.

[72] H. Ye, C. Basaran, and D. Hopkins, ‘“Thermomigration in pbsn solder joints under
joule heating during electric current stressing,” Applied Physics Letters, vol. 82,
no. 7, p. 1045, February 2003.

[73] U. Russo, D. Lelmini, C. Cagli, A. L. Lacaita, S. Spiga, C. Wiemer, M. Perego,
and M. Fanciulli, “Conductive-filament switching analysis and self-accelerated
thermal dissolution model for reset in nio-based rram,” Electron Devices Meeting,
IEDM, IEEE International, pp. 775-778, December 2007.

[74] J. P. Lacharme and J. O. Isard, “Ionic jump processes and high field conduction
in glasses,” Journal of Non-Crystalline Solids, vol. 27, pp. 381-397, 1978.

[75] U.Russo, D. Lelmini, A. Redaelli, and A. L. Lacaita, “Modeling of programming
and read performance in phase-change memories part i cell optimization and scal-
ing,” IEEE Transactions on Electron Devices, vol. 55, pp. 506-514, 2008.

[76] C. Cagli, D. Lelmini, F. Nardi, and A. L. Lacaita, “Evidence for threshold switch-
ing in the set process of nio-based rram and physical modeling for set, reset,
retention and disturb prediction,” IEEE International Electron Devices Meeting
IEDM, pp. 1-4, 2008.

[771 M. Mitkova, M. N. Kozicki, H. C. Kim, and T. L. Alford, “Thermal and pho-
todiffusion of ag in s-rich ges amorphous films,” Thin solid films, vol. 449, pp.
248-253, 2003.

[78] R. Symanczyk, M. Balakrishnan, C. Gopalan, T. Happ, M. N. Kozicki, and
M. Kund, “Electrical characterization of solid state ionic memory elements,” Pro-
ceedings of the Non-Volatile Memory Technology Symposium, pp. 1-6, 2003.

[79] “International technology roadmap for semiconductors,” 2009. [Online].
Available: http://www.itrs.net/

[80] “Programmable metallization cell.” [Online]. Available:
http://en.wikipedia.org/wiki/

[81] J. D. Plummer, M. D. Deal, and P. B. Griffin, “Silicon vlsi technology fundamen-
tals, practice and modeling,” 2000.

[82] “Pre-conditioning.” [Online]. Available: http://en.wikipedia.org/wiki/Pre-
conditioning

123



