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ABSTRACT

Non-volatile memory (NVM) has become a staple in the everyday life of con-

sumers. NVM manifests inside cell phones, laptops, and most recently, wearable tech

such as smart watches. NAND Flash has been an excellent solution to conditions re-

quiring fast, compact NVM. Current technology nodes are nearing the physical limits

of scaling, preventing Flash from improving. To combat the limitations of Flash and

to appease consumer demand for progressively faster and denser NVM, new tech-

nologies are needed. One possible candidate for the replacement of NAND Flash is

programmable metallization cells (PMC). PMC are a type of resistive memory, mean-

ing that they do not rely on charge storage to maintain a logic state. Depending on

their application, it is possible that devices containing NVM will be exposed to harsh

radiation environments. As part of the process for developing a novel memory tech-

nology, it is important to characterize the effects irradiation has on the functionality

of the devices.

This thesis characterizes the effects that ionizing γ-ray irradiation has on the

retention of the programmed resistive state of a PMC. The PMC devices tested used

Ge30Se70 doped with Ag as the solid electrolyte layer and were fabricated by the

thesis author in a Class 100 clean room. Individual device tiles were wire bonded into

ceramic packages and tested in a biased and floating contact scenario.

The first scenario presented shows that PMC devices are capable of retaining

their programmed state up to the maximum exposed total ionizing dose (TID) of 3.1

Mrad(Si). In this first scenario, the contacts of the PMC devices were left floating

during exposure. The second scenario tested shows that the PMC devices are capable

of retaining their state until the maximum TID of 10.1 Mrad(Si) was reached. The

contacts in the second scenario were biased, with a 50 mV read voltage applied to

the anode contact. Analysis of the results show that Ge30Se70 PMC are ionizing
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radiation tolerant and can retain a programmed state to a higher TID than NAND

Flash memory.
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Chapter 1

INTRODUCTION

1.1 The Future of Non-Volatile Memory

If you open up a modern day computer, chances are you will find a solid-state

hard drive inside. Over the past decade, NAND Flash memory has dominated the

non-volatile memory (NVM) industry in the form of hard drives, USB thumb drives,

and memory cards. Consumers choose Flash devices because of their small size and

fast read and write times. Flash memory is found inside smartphones and other hand-

held electronics that have become essential to everyday living. With the emerging

concept of the Internet of Things (IoT), common household items such as air condi-

tioners, cars, running shoes, and even the cup we drink out of [1], will be embedded

with sensors and NVM to store the collected data. Many of these devices are small

wearables designed to be unobtrusive and fashionable, as shown in Fig. 1.1, and thus

provide very limited space for electronic components.

While Flash memory has been a staple of modern electronics and has increased in

speed and storage size over the past decade, complementary metal-oxide semiconduc-

tor (CMOS) feature size, which essentially defines the speed and size of Flash memory

devices, will soon be reaching its physical limits [7]. The limitations on transistor fea-

ture size will therefore hinder further improvement of Flash memories in terms of

performance and increased density. To continue advancement in technology perfor-

mance as dictated by Moore’s Law, new materials, methods, and technologies need

to be developed to replace or supplement CMOS and the impending physical barriers

associated with modern CMOS processing [8]. Many new materials and fabrication
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Figure 1.1: Commercial IoT devices currently in the market [2],[3],[4],[5],[6].

techniques are being researched by industry and university laboratories to combat

the limitations of CMOS. The International Technology Roadmap for Semiconduc-

tors (ITRS) has dubbed this new research trend as “More-than-Moore” [7]. Several

novel technologies have been identified as promising alternatives to flash memories.

Many of the new memory offerings deviate from the transistor method of charge

storage and exploit measurable changes in material properties. Among these is a

technology known generally as electrochemical metallization (ECM) memory [9], also

known as programmable metallization cell (PMC) [10], and in the context commercial

of memory arrays, conductive bridge random access memory (CBRAM) [11]. PMCs

rely on electrochemical metallization, where metal is driven through a solid electrolyte

layer to create a low resistance filament when a voltage is applied [12]. The resis-

tance of the filament can be controlled by adjusting bias conditions. When the bias

is removed, the filament will remain. The filament can be dissolved by reversing the
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bias, reversing the electrochemical reaction.

1.2 Motivation

PMC memory has the potential to scale to smaller feature sizes, has even faster

read and write times and requires less energy than Flash. The typical read and write

times for NAND Flash is in the order of 100 µs [7] whereas PMCs have read and

write times occurring within tens of nanoseconds [13]. Possessing the ability to scale

to smaller dimensions means that future memory arrays can be made larger and or

occupy less space on a chip. Smaller devices with larger storage capacity are extremely

beneficial in devices, like medical implants, wearable electronics, satellites, and space

research vehicles, where each cubic millimeter of space is valuable real estate. An

important consideration for many of these devices is how they will holds up after

radiation exposure. Devices used in small hand-held electronics have the potential of

being exposed to X-rays from airport baggage scanners. Components used in medical

implants sometimes undergo sterilization using 60Co γ-ray irradiation up to tens of

Mrad [14]. Devices that operate outdoors are exposed to UV radiation from the Sun;

and if operating in space, they can be damaged by high energy solar particles and

cosmic rays. In all the aforementioned scenarios, it would be a waste of time and

money for the consumer, should devices cease to function after exposure to ionizing

radiation. The ionizing radiation tolerance of PMC devices needs to be studied to

evaluate the functionality of these devices in harsh radiation environments.

1.3 Thesis Outline

This thesis will explore the effects ionizing radiation has on the retention of PMC

devices. Chapter 2 of this thesis provides a brief overview of the PMC operation

mechanisms as well as describes the methods used for fabricating the devices used for

3



total ionizing dose (TID) testing. Chapter 3 explores the effect ionizing radiation has

on the intrinsic electric field of the PMC. Chapter 4 presents the effects ionizing γ-ray

irradiation has on the retention of PMC devices. The results show that PMC devices

have excellent retention during γ-ray exposure. Chapter 5 presents a summary of

results and a conclusion.
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Chapter 2

DEVICE OPERATION AND FABRICATION

2.1 What is Resistive Memory?

Resistive switching or resistive memory is a term used to describe several memory

technologies currently in development as a supplement and possibly an alternative to

current solid-state memory technologies. A resistive memory cell is a device whose

digital state is dictated by the resistance across the device. The resistance can be

reliably reprogrammed to a desired resistance value >104 times, the standard for com-

parison against NAND Flash devices [7]. Several resistive memory technologies exist,

namely programmable metallization cells (PMC), phase-change memory (PCM), and

valence change memory (VCM) [15]. Each technology relies on unique mechanisms

to create changes in the resistive state. Table 2.1 presents a brief list of resistive

switching technologies and mechanisms.

2.2 Fundamentals of Programmable Metallization Cells

Programmable metallization cells (PMC) are a resistive switching technology in-

vented and developed by Dr. Michael Kozicki at Arizona State University. A PMC

consists of a simple metal-electrolyte-metal structure. In a typical vertical structure,

as shown in Fig. 2.1, the bottom metal electrode is formed from an inert metal such

as nickel, tungsten, or platinum. Several different metal doped chalcogenides can be

used for the solid electrolyte layer such as Cu-SiO2, Ag-GexSe1−x, or Ag-GexS1−x.

The top metal consists of a thin layer of the same active metal (Au or Cu) used to

dope the chalcogenide layer.
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Table 2.1: Resistive Memory Technologies

Memory Type Typical Materials Programming Mechanism

Programmable

metalization

cells

Solid electrolytes of metal

doped chalcogenides: Cu-SiO2

[16], Ag-GexSe1−x [17], [18],

[19], or Ag-GexS1−x [20]

Active metal layer is oxidized when a

positive voltage is applied. Metal cations

drift along applied electric field and reduce

on inert metal cathode to build a low

resistance filament. Resistive state is

dependent on thickness of metal filament.

Valence change

memory

Metal oxides such as: TaOx

[21], TiO2 [22], HfO2 [23]

Applying a voltage oxidizes metal oxide

region. Oxygen ions percolate out of active

region, leaving behind a conductive path

between electrodes.

Phase change

memory

Ge2Sb2Te5 [24] Chalcogenide layer is changed between

amorphous and crystalline phases using a

current driven heating element. Crystalline

state possesses a lower resistance than the

amorphous state.

The functionality of PMC devices relies on a mechanism known as electrochemical

metallization (ECM). During ECM, oxidation and reduction (redox) reactions result

in the growth of a metallic filament. During oxidation, a neutral metal M is striped of

an electron, resulting in a positively charged ion, as described by the reaction equation

(2.1). When metal M is reduced, reaction equation (2.2), the ion gains an electron,

becoming a neutral metal atom once more. In a simplistic form, a non-programmed

PMC device can be thought of as a parallel plate capacitor whose electric field is

represented by the relation (2.3), with constant voltage V applied across the device

and a distance d between the anode and cathode. When a voltage bias is applied to

the anode, the active metal in the anode oxidizes and travels along the electric field
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Figure 2.1: Cross section of a vertical PMC stack showing the creation and disso-
lution of the conductive filament.

to the cathode, as depicted in Fig. 2.1(a). At the cathode, the metal cation reduces

to become a metallic metal deposited on the cathode. As metal deposits onto the

cathode, the distance d between the anode and effective cathode decreases, resulting

in an increase of the electric field across the PMC for a fixed bias. The increase in

the electric field causes more metal cations in the electrolyte to migrate toward the

metal electrodeposit, shown in Fig. 2.1(b).

M →M+ + e− (2.1)
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M+ + e− →M (2.2)

E ∝ V

d
(2.3)

Maintaining the bias for several nanoseconds [20] will result in the growth of a

conductive filament (CF) spanning the gap between the anode and cathode contacts

as shown in Fig. 2.1(c). The actual time for CF growth depends on the magnitude of

applied voltage as well as temperature. Characterization of CF growth as a function

of voltage has been measured and modeled in [20], [25], and [26]. Applying a bias

beyond the filament creation time will result in a thickening of the CF, as shown

in Fig. 2.1(d), decreasing the resistance across the device. The resistance of the

CF can be modeled as a conic structure with its base widest at the cathode [27].

Equation (2.4) provides a simplistic model of how the CF resistance RCF decreases

as a function of CF radii, where ra radius at the anode contact and rc radius at the

cathode contact, and ρ is the resistivity of the filament [27]. Mathematically this

simple conic structure can appropriately model the conduction across a CF but the

actual structure of the filament is a dendrite with a thick base at the cathode and

thin limbs reaching toward the anode [28]. Observed filament structures are featured

in Fig. 2.2.

RCF =
ρd

πrarc
(2.4)

By reversing the bias applied between the anode and cathode, the ECM process is

reversed. With a reverse bias applied, the filament will oxidize and the ionized metal

in the filament will drift back to the active metal anode as shown in Fig. 2.1(e). The

resistance across the device will be restored near to the original high resistance state

(HRS) once the CF is dissolved (Fig. 2.1(f)).
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Figure 2.2: Filament growth between the Ag anode and Pt cathode of a lateral
Pt/H2O/Ag cell [28]. Reprinted with permission ©2007, AIP Publishing LLC.

2.3 Device Programming and I-V Characteristics

The PMCs studied in this thesis consist of an inert metal cathode made of nickel,

under a layer of Ge30Se70 chalcogenide glass (ChG) doped with Ag and topped with a

layer of Ag for the active metal anode. A representation of the device stack is shown

in Fig. 2.1a.

Fig. 2.3 shows a typical current-voltage (I-V) curve for the program and erasure

of a PMC device. The programming curve (red dash-dotted line) was created by

sweeping the voltage across the device from 0 V to 0.5 V and back to 0 V. A device

initially in the HRS will abruptly switch to the low resistance state (LRS) at some

threshold. This threshold can vary from device to device but is typically observed to

occur between 150 mV and 300 mV, as shown in Fig. 2.3. The applied current is

capped by a specified compliance current. In the case of Fig. 2.3, this compliance is

1 µA. When considering the sweep from 0.5 V back to 0 V, the inverse slope of the

curve highlights the programmed resistance state of the device. The erasure curve
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Figure 2.3: Measured I-V characteristics of a PMC.

(black solid line) was created by sweeping from 0 V to -0.5 V then back to 0 V. For

a device initially in a LRS, after reaching a threshold of approximately -100 mV, the

filament will begin to dissolve resulting in a HRS. The sweep from -0.5 V to 0 V shows

that the device remains in the HRS after being erased. The dashed blue line shows

how the resistance of the PMC changes from a high resistance to a low resistance as

the device is set and reverts back to a high resistance when the voltage reaches the

erase threshold.

PMC devices can also be programmed using a pulsed signal instead of relying on

compliance current to regulate the state [26], [29], [30]. Fig. 2.4 shows the response of

a PMC to a square wave pulse. Once the filament establishes a continuous connection,

the filament resistance will continue to decrease until the voltage is removed. By

regulating the pulse width, the resistance state of the device can be controlled. The

speed at which the filament forms can also be manipulated by adjusting the amplitude

of the pulse [26].
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Figure 2.4: PMC programming and erasing with pulsed signals [30]. The bottom
plot is the pulse train used for programming and the bottom plot displays the response
of the PMC. Reprinted with permission ©2014 IEEE.

2.4 Retention of State

Retention of the programmed logic state is a common figure of merit and a neces-

sary parameter to be characterized when developing NVM. Retention testing involves

programming an individual memory cell or an array to a fixed logic state and observ-

ing how long the state is maintained. The status of the cell is tested periodically to

determine the state’s evolution over time. Current Flash memory has a projected

retention of ten years or more [7], [31]. It is not practical to observe the real time re-

tention over a ten year period. Methods are employed to accelerate the deterioration

of the state and relate the result to an equivalent time during normal operation. A

common method of accelerated testing involves performing retention tests at elevated

temperatures [31], [32]. Instead of applying a temperature stress, a small continuous

voltage can also be applied to degrade the state as shown in Fig. 2.5 [33], [34].

t = AeEa/kBT (2.5)
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Figure 2.5: Extrapolated ten year retention of PMC using the arrhenius relation
[33]. Reprinted with permission ©2009 IEEE.

The retention under normal operating conditions is extracted from the stressed

retention results using the Arrhenius relation (2.5) where t is the retention time, A is

a prefactor that can be extracted from measured results, Ea is the activation energy,

kB is Boltzmann’s constant, and T is the temperature. The retention time t is plotted

versus the 1/T relation to temperature. When plotting voltage stress measurements,

the kBT term can be replaced with −qV as shown in Fig. 2.5.

For PMC devices, the retention has been shown to be largely dependent upon the

initial resistance state. The results from Russo, et al. in Fig. 2.6 show how devices

programmed at a lower compliance current become unstable and begin to decay to

a higher resistance state sooner than devices programmed with higher compliance

currents [26]. The next chapter of this thesis will examine the effects ionizing radiation

has on the retention of PMCs.
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Figure 2.6: Retention of PMC devices at room temperature, programmed with
various compliance currents [26]. Reprinted with permission ©2009 IEEE.

2.5 Fabrication

All PMC devices used in the following experiments were fabricated at Arizona

State University in the NanoFab class 100 cleanroom facility operated by the Center

for Solid State Electronics Research. The full fabrication process is highlighted in Fig.

2.7 - 2.17. A four inch diameter, 525 µm thick Si p-type wafer was placed inside a

Lesker PVD75 electron-beam evaporator. After reaching a vacuum of approximately

3× 10−6 torr, a 100 nm layer of SiO2 was deposited at 0.9 Å/s to provide insulation

between the Si substrate and the device structures (Fig. 2.7). Without breaking

vacuum, a 100 nm layer of Ni was deposited at 0.9 Å/s on top of the SiO2 insulating

layer, shown in Fig. 2.8. After Ni deposition, the vacuum chamber was brought back

up to atmosphere and the wafer removed.

To create the nickel (Ni) contact patterning, hexamethyldisilazane (HMDS) was

first spun onto the nickel surface to promote adhesion of the resist. HMDS was always

applied before spinning on resist, though this step will not be mentioned in further
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Figure 2.7: Deposition of 100 nm SiO2.
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Figure 2.8: Deposition of 100 nm Ni.

lithography steps. A 1 µm layer of AZ3312 photoresist was spun onto the treated

nickel surface at 3500 RPM for 30 seconds. The resist covered wafer was then soft

baked at 100°C for 60 seconds. Lithography exposure was performed using an EVG

620 set to 45 mJ/cm2 UV exposure. Mask #1 was used to create the Ni cathode

bar positive image in the resist (Fig. 2.9). After exposure, the resist was developed

for 80 seconds using AZ 300 MIF developer. Preparation of the resist layer for wet

etching was concluded by hard baking the wafer for three minutes at 110°C. The Ni

left exposed after lithography was etched away after ten minutes, using 100 mL of

Nickel Etchant TFB (Nitric Acid). A representation of the etched feature is shown

in the right hand side of Fig. 2.10.

Several steps were used to form the active layer of the PMC. The protective layer

14



Si

SiO2

Ni

UV Light

Resist

Figure 2.9: First lithography mask exposure to create cathode bar.
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Figure 2.10: Ni layer wet etched to create cathode bar followed by deposition of
SiO2.

of resist was removed by soaking the wafer in acetone followed by a rinsing of isopropyl

alcohol (IPA). After the resist was removed, the wafer was placed back into the Lesker

PVD75 electron beam evaporator, pumped down to high vacuum, and a 100 nm layer

of SiO2 deposited at 0.9 Å/s. The wafer was removed from the vacuum chamber and

another layer of AZ3312 resist spun on with the same recipe as described previous.

Crossbar mask #2 was used to pattern (Fig. 2.11) the resist, this time with vias used

for holding the active device layer. The vias shown in Fig. 2.12 were etched through

the SiO2 layer with 100 mL buffered oxide etch (BOE) solution after ten minutes.

The resist for the etch mask was removed with acetone and another layer of resist,

this time AZ4330, was spun on at 2000 RPM for 30 seconds. The resist was soft
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Figure 2.11: Second lithography mask to etch via through SiO2.

baked at 100°C before undergoing lithography with crossbar mask #3 in the EVG

to a 300 mJ/cm2 UV exposure. This lithography step is depicted in Fig. 2.13. The

resist was developed for two minutes using AZ 300 MIF. The wafer was placed into a

Cressington 308R thermal evaporator where, as shown in Fig. 2.14, 60 nm of Ge30Se70

was deposited followed by 30 nm Ag. As shown in Fig. 2.15, the Ge30Se70 layer was

photo-doped with the Ag by exposing the device side (top) of the wafer to UV (λ =

324 nm) light for one hour. The importance of the Ag doping concentration will be

discussed in the next section. After the photo-doping process, the wafer was placed

back into the Cressington evaporator where 35 nm of additional Ag was deposited to

form the top active metal anode. Fig. 2.16 shows the device structure after the resist

is dissolved, lifting off the chalcogenide and electrode layers around the individual

device vias.

The final steps create the Al crossbar contacts across the anode of the devices.

The wafer was again coated in AZ4330, spun on at 2000 RPM for 30 seconds. The

resist was soft baked at 100°C for 60 seconds. Crossbar mask #4 was used to image

a lift-off layer for the Al contacts, using the EVG for a UV exposure to 300 mJ/cm2.

The wafer was placed in the Lesker electron beam evaporator where 400 nm of Al

was deposited at 1 Å/s. The resist layer was dissolved in acetone to lift-off the excess

Al, leaving behind dog bone style contacts. Another layer of AZ4330 resist was laid
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Figure 2.12: Vias wet etched through SiO2 to Ni layer.
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Figure 2.13: Third lithography mask for device layer lift-off.
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Figure 2.14: Ge30Se70 is deposited followed by Ag.
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Figure 2.15: Ge30Se70 is photo-doped with Ag by exposing to UV light.
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Figure 2.16: Additional Ag is deposited then the wafer is soaked in acetone to
remove the resist and lift-off the excess material.

down in the manner described for the Al lift-off layer. The final mask #5 was used

to image contact pads over both ends of the dog bone electrodes (both anode and

cathode contacts). The purpose of this layer was to apply a thicker layer of metal

where probing and wire bonding may take place. The wafer was placed back into

the Lesker one final time, to deposit an additional 400 nm of Al at 1.5 Å/s. After

deposition, the resist was removed with acetone to lift-off the Al. To finish the devices,

the wafer was annealed at 120°C for 20 minutes. Fig. 2.17 depicts the complete layer

stack of the PMC. A picture of the finished crossbar structure is shown in Fig. 2.18.

18



Si

SiO2

Ni
Ag - Ge30Se70

Ag

Al

3D cutawaycross section

Figure 2.17: Al is deposited and lifted off to create top anode crossbar.

Figure 2.18: Fabricated crossbar tile. Zoomed image highlights the device contacts
and active device region.

2.6 Ag Doping Profile in PMC Structures

During the fabrication of the devices, the ChG layer is photo-doped with approx-

imately 33 at.% concentration of Ag. The 33 at.% concentration has been shown to

be the saturation point for Ag diffusion into Ge30Se70 [18]. When Ag diffuses into

Ge30Se70, the material becomes denser as the Ag fills porous regions throughout the

ChG, preventing further diffusion of Ag [35]. It is expected that by saturating the

ChG with Ag, diffusion of Ag away from a formed CF would be heavily limited. Sim-

ulated models have investigated the roll the Ag doping profile has on PMC properties
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Figure 2.19: EDS data showing the profile of Ag throughout a PMC [37]. The purple
solid line is the measured count while the dashed black line is the smoothed profile
of the Ag count. Reprinted from Solid-State Electronics ©(2015), with permission
from Elsevier.
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Figure 2.20: Ag doping regions in the Ge30Se70 layer (left) with the equivalent RC
circuit network (right).

[36], [37].

In the work presented in [36] and [37], the photodoped ChG layer is shown to

have two distinct regions in Fig. 2.19 and Fig. 2.20. The region nearest to the

Ag anode is Ag rich. The region nearest the inert cathode is Ag poor. Impedance

spectroscopy also provides evidence of the existence of these two regions [37], [38].

Electron Dispersive Spectroscopy (EDS) performed on HRS samples, shown in Fig.
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2.19, shows the Ag rich region has an Ag concentration near the saturation limit

(33 at.%) and the Ag poor region contains less than 10 at.% of Ag. It is not fully

understood why the Ag poor region exists. It is speculated that the Ag poor region

contains less Se than the rich region, making it more difficult for Ag to diffuse through.

The Ag poor region plays an important roll in defining the HRS. The difference in

affinity of the two regions creates a barrier at the interface of the two regions, resulting

in a high resistance across the device [36].
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Chapter 3

IONIZING RADIATION EFFECTS

3.1 Ionizing Radiation Effects in Semiconductors

Ionizing radiation can be in the form of high energy photons, electrons, protons,

or heavy ions. When a high energy particle interacts with a material, a portion

of the energy from the incident particle is transfered to the electrons in the atoms,

ionizing the material. Ionization due to photons can occur in one of three processes,

photoelectric effect, Compton scattering, or pair production. In the photoelectric

effect, an incident photon is completely absorbed by an atom, ejecting an electron.

In Compton scattering, a portion of the incident photon’s energy is absorbed by an

ionized electron and the remaining photon energy is emitted at some angle away

from its original trajectory. Pair production requires higher energy photons than in

the photoelectric effect or Compton scattering. During pair production, an incident

photon interacts with an atom to create an electron-positron pair [39].

During 60Co γ-ray irradiation of semiconductors, the high energy photons interact

with the material to ionize an electron into the conduction band, leaving behind a hole

in the valance band. In the presence of an electric field, the electron hole pair (ehp)

can separate, with the electrons drifting toward the positive contact and the holes

drifting to the negative contact. The rate G at which the generation of ehp occurs is

given in equation (3.1). The generation rate is dependent on the dose rate Ḋ, density

ρ of the semiconductor, and the photon energy required to ionize an electron Ep. The

ionization energy is approximately twice that of the band gap energy Eg.
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Table 3.1: Material Parameters Used to Model PMC

ρ (ChG) Eg (ChG) µN µP φm(Ag) φm(Ni)

7 g/cm3 1.86 eV 10−5 cm2/(V s) 10 cm2/(V s) 4.29 V 5.15 V

G =
Ḋρ

Ep

(3.1)

In this thesis, two dose rates where tested, 8.8 rad(Si)/s and 210 rad(Si)/s. Using

equation (3.1) and the parameters listed in Table 3.1, the generation rate for each of

these dose rates is listed in Table 3.2.

Table 3.2: Dose Rates and Equivalent Generation Rates

Ḋ (rad(Si)/s) G (cm−3s−1)

8.8 1.0 ×1015

210.0 2.5 ×1016

3.2 Effect of the Electric Field on PMC Retention

To understand how ionizing radiation may affect a PMC, a look at the forces

acting upon the device is needed. Due to the difference in the metal work functions

(φm) of the anode and cathode contacts, there is an electric field across the ChG layer

as shown in Fig. 3.2. The metal work functions are listed in Table 3.1. In the LRS,

two forces act upon the CF, outward diffusion of Ag away from the filament and drift

of the Ag toward the CF, as depicted in Fig. 3.1. The diffusion force is highly limited

by the Ag doping saturation, as discussed in the previous chapter. To disturb the

CF, the electric field would need to be disturbed in such a way as to increase the field

above some threshold to allow Ag migration to the CF, or decrease or reverse the

electric field such that Ag ions drift away from the CF and increase the resistance.
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Figure 3.1: Forces acting upon the filament.

Since ehp generation in the ChG layer is the main response to ionizing radiation,

technology computer aided design (TCAD) simulations were performed to evaluate

how the electric field evolves with increasing generation rate.

To model the evolution of the electric field within a PMC, the parameters defined

in Table 3.1 were used. In this two dimensional simulation, diffusion forces are con-

sidered negligible, so only the intrinsic electric field due to work function differences

is considered. In the HRS scenario, no continuous path of Ag exists, so the electric

field is similar to that shown in Fig. 3.2. During the LRS, a CF can be modeled with

a triangular like shape [27]. Due to limitations of the TCAD model, to calculate the

electric field the CF cannot touch the Ag contact. To model the LRS, a small gap

was placed between the Ag contact and the tip of the CF.

The steady-state simulation results in Fig. 3.2 and Fig. 3.3 show how the magni-

tude of the electric field, along the defined cut lines, evolves with an increase in ehp

generation rate. These results show that as the generation rate increases, the electric

field begins to distort, weakening in the center of the ChG layer and strengthening

at the Ag contact. This distortion is due to the separation of electrons and holes in

the presence of a field. The lower generation rate of 1021 cm−3s−1 shows no changes

in the electric field due to irradiation. Both generation rates shown in Table 3.2 are

below 1021 cm−3s−1 and will therefore not significantly perturb the electric field.
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Figure 3.2: Electric field through a PMC in HRS for multiple generation rates.

Figure 3.3: Electric field through a PMC in LRS for multiple generation rates.
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Figure 3.4: Equal potential and electric field vectors for the LRS during a) no
irradiation and b) irradiation with a generation rate of 1031 cm−3s−1.

For the HRS, the electric field is equivalent for any cut line going from the Ag

contact to the Ni contact. The electric field for the LRS is a bit more complex,

as shown in Fig. 3.4 and Fig. 3.5. The electric field in Fig. 3.4 is shown to be

approximately perpendicular to the filament surface. For the case of no radiation

Fig. 3.4(a) shows the field directed toward the filament. During irradiation with a

generation rate of 1031 cm−3s−1, Fig. 3.4(b) shows that the field inverts, directed

away from the filament. These results imply that at a high dose rate, the filament

may dissolve under the influence of the electric field.

The results in Fig. 3.2 and Fig. 3.3 imply that the dose rates tested in this thesis

do not affect the electric field. To further demonstrate that dose rates below 210

rad(Si)/s do not affect the field, a generation rate of 1017 cm−3s−1 was simulated

in Fig. 3.5. No change to the electric is observed as compared to the no radiation

environment shown in Fig. 3.4.
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Figure 3.5: Equal potential and electric field vectors for a generation rate of
1017cm−3s−1.
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Chapter 4

RETENTION DURING 60Co γ-RAY EXPOSURE

4.1 State Retention During Ionizing Irradiation to 3.1 Mrad(Si)

Chapter 2 of this thesis has shown that PMC devices retain information in envi-

ronments with no significant amount of ionizing radiation, with a projected retention

of ten years [13],[33]. Special applications, such as use in sterilized medical devices,

satellites, and other space-based electronics, require devices to be exposed to a high

levels of ionizing radiation. This chapter of the thesis will explore the response of

PMCs to a total ionizing dose. Specifically, this chapter will present data showing

how PMC devices retain their programmed HRS or LRS state while being subjected

to ionizing 60Co γ-ray irradiation. Two different scenarios are explored. The first sce-

nario studies devices exposed up to 3.1 Mrad(Si) while device pins were left floating.

The second scenario features devices exposed, in one dose step, to 10.1 Mrad(Si) with

a constant 50 mV bias applied to the anode while the cathode pins were grounded.

This second scenario was performed with in situ measurement, allowing any changes

in resistance state to be observed real time.

All devices tested were fabricated using the method detailed in Chapter 2. Sev-

eral device tiles were packaged into 28-pin ceramic dual in-line packages (CDIP), as

shown in Fig. 4.1. Before exposure to radiation, each package was placed into an

Agilent 16442B test fixture, as shown in Fig. 4.2, to conduct electrical characteriza-

tion. Previous studies have highlighted the sensitivity of Ag doped GexSe1−x to light,

especially in the UV band [40], [41]. During measurements, the lid of the test fixture

remained closed to ensure that light did not affect the measured current-voltage (I-V)
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Figure 4.1: Crossbar device tile wire bonded into a 28-pin CDIP.

characteristics. The inputs of the text fixture were connected via low noise triaxial

cables to the source measurement unit (SMU) outputs of an Agilent 4156C parameter

analyzer. To perform an I-V measurement, the SMU connected to the cathode of a

PMC device was set to a constant common ground output while the SMU connected

to the anode was swept from 0 V to 0.5 V then back to 0 V in steps of 10 mV. The

positive voltage sweep results in the I-V characteristic for programming the PMC

device to a LRS. The LRS can be controlled by defining a compliance current on the

parameter analyzer. The greater the compliance current value, the lower the LRS

will be [26]. To obtain the I-V characteristics for dissolving or erasing the filament,

the anode is instead swept between 0 V and -0.5 V. Each device considered for testing

was swept approximately thirty times to verify its functionality and obtain statistics

for the LRS and HRS conditions. This measurement process was automated using

LabView to control the parameter analyzer and collect data.

Before exposing the devices, five devices were set to HRS and five others were

programmed to LRS with an I-V sweep at a current compliance level of 1 µA. The 1

µA programming compliance resulted in a LRS of approximately 100 kΩ. After the

devices were programmed, they were transported to the irradiation facility.
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Figure 4.2: Test fixture used for performing automated electrical measurements.

Table 4.1: Radiation Dose Steps

Step Time (min) Dose Step (rad(Si)) TID (rad(Si))

1523 8.075 ×105 8.075 ×105

1500 7.949 ×105 1.602 ×106

2934 1.555 ×106 3.158 ×106

The devices were exposed to 60Co γ-ray irradiation in a Gammacell 220. The

Gammacell used is shown in Fig. 4.3. The inner chamber of the Gammacell contains

a ring of forty eight 21.11 cm tall pencils, each of which contains seven 60Co slugs.

Fig. 4.4 shows the source cage contained inside the Gammacell 220 [42]. Devices to

be irradiated were loaded into a sample chamber at the bottom of the shielding plug.

When the plug is lowered into the chamber, the sample chamber is positioned at the

center of the source ring.

Fig. 4.5 shows the exposure board with drawn on dose contour. The packaged

devices were placed in the sockets along the center most contour to maintain equiva-

lent exposure. The board was placed onto a wooden stand to hold the board during
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Figure 4.3: The Gammacell 220 used for γ-ray exposure. Photo provided by Dr.
Keith Holbert.

Figure 4.4: The source ring inside the central chamber of the Gammacell 220, as
depicted in the Gammacell 220 instruction manual [42].
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Figure 4.5: Board with marked dose contours of the Gammacell 220 chamber.

irradiation. The sample chamber was lowered into the Gammacell and left for ex-

posure for the time steps listed in Table 4.1. The device pins for this test were left

floating during irradiation. At the end of each dose, the packages were removed from

the chamber, placed inside a light tight box, and transferred to the lab to sample the

resistance state of each device. The resistance state was sampled by applying a 10

mV signal to the anode. The samples remained outside of the irradiation chamber

for less than two hours.

The control devices (not irradiated) were tested in a similar fashion to the devices

irradiated. Due to a limitation of available parts, only four control devices were used.

Two of the devices were erased into the HRS and two were programmed to LRS using

a DC sweep with a compliance current of 1 µA. Measurements on the control parts

were performed in the same test fixture. Every 24 hours, the resistance state of the

control devices were sampled. Once the measurements were completed, the device

32



Figure 4.6: Retention of PMC devices during ionizing γ-ray irradiation to a TID of
3.1 Mrad(Si).

package was removed from the test fixture and placed in the same light tight box used

to house the irradiated parts during transfer between labs. The purpose of removing

the control device from the test fixture was to mimic the treatment of the irradiated

packages.

The results in Fig. 4.6 show that the irradiated PMC devices maintain their

programmed state for the 3.1 Mrad(Si) TID. The gray cross hatched area defines the

HRS region while the white region below is the LRS. The boundary between HRS

and LRS was determined by calculating the median HRS value of the irradiated and

control devices prior to irradiation. The irradiated devices programmed to a HRS

are shown to be very stable with an average deviation of 24% from the initial state.

The HRS control devices drifted to a higher resistance over time. Both the irradiated

and control devices in the LRS are shown to drift to a higher resistance within the
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first 1000 minutes of being programmed. After this initial drift, the devices remain

at approximately 880 kΩ for the remainder of the test. During the four day duration

of the test, the irradiated devices maintained a window between HRS and LRS of

two orders of magnitude. Due to the limited number of devices tested, the error

bars represent the spread of resistance values measured at each dose step instead of

standard error. The control devices have less stable retention than the irradiated

devices.

The TID retention results presented in 4.6 were performed on devices with contacts

left floating during exposure. No significant effects were seen at a 3.1 Mrad(Si)

exposure. The test presented in the next section will explore the retention behavior

of biased devices.

4.2 State Retention During Ionizing Irradiation to 10.1 Mrad(Si)

The following experiments were performed at Sandia National Laboratories at the

Gamma Irradiation Facility (GIF). The GIF features several dry-cell concrete rooms

each with a unique 60Co source to offer a wide variety of dose rates. The cells are

several square meters, allowing for the radiation exposure rate to be controlled by

varying the distance from the source. While not in use, the 60Co source is lowered

into a water pool, making it safe for humans to enter the irradiation cell. Fig. 4.7

shows the source ring raised out of its pool. The 60Co source is similar in design to

the source ring shown in Fig. 4.4. The cell chosen for use in the following irradiation

experiment contained a source with dose rates appropriate for MIL-STD-883 method

1019.9 TID testing. The MIL-STD-883 testing standard provides a method of testing

microelectronics for use in a space radiation environment.

The devices used for irradiation at the GIF were the cross bar structures described

in Chapter 2, though from a batch different than those used in the previous section.
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Figure 4.7: Dry-cell at GIF with raised 60Co source ring. Original photo taken by
Randy Montoya [43].

Two chips were packaged into 40 pin CDIP packages to allow for access of more

devices than the 28 pin CDIP. Each chip contains 32 devices with 20 devices accessible.

The devices were voltage swept between -0.5 V and 0.5 V approximately 30 times

using an Agilent 4155B parameter analyzer controlled by LabView to verify device

functionality.

The device package to be irradiated was placed onto a test board that allowed

each pin to be accessed with a ribbon cable connection. Four thermoluminescent

dosimeters (CaF2 TLD) were placed at the top of the test board and another four at

the bottom of the board, just below the package socket. The test board was placed

inside a Pb/Al enclosure to shield the devices from low energy scattered radiation.

The enclosure was suspended between two stands, as shown in Fig. 4.7, and oriented
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Figure 4.8: Circuit configuration used to actively monitor PMC devices.

such that the package-side of the board faced the source ring. The stands were placed

on the lip of the pool to achieve a high dose rate. The dose rate inside the enclosure

was measured at 210 rad(Si)/s.

Prior to radiation exposure, five devices were erased into a HRS and four were

programmed to a LRS with a 100 µA compliance current using a Keithley 2450 SMU.

A packaged tile of control devices was kept outside of the radiation cell. Two of the

control devices were programmed to a LRS with a 100 µA compliance current while

two other devices were erased to a HRS.

The configuration used to monitor both the irradiated devices and control devices

is shown in Fig. 4.8. The devices inside the irradiation cell were individually accessed

using two 60 ft ribbon cables connected to a printed circuit board (PCB) that con-

verted the ribbon cable connections to BNC coaxial connections. Coaxial cables were

connected from the PCB to individual inputs of a Yokogawa DL750 oscilloscope. The

PCB used for accessing the control devices featured individual BNC connections for

each pin of the device. The four control devices were also connected to the inputs of

the oscilloscope. The remaining input was used to monitor the bias voltage applied

to both the control and irradiated devices. During testing, a 50 mV read bias was

applied to the circuit in Fig. 4.8.

The PMC devices were irradiated at 210 rad(Si)/s to a TID of 10.1 Mrad(Si).
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Figure 4.9: Retention of programmed resistances up to a TID of 10 Mrad(Si).

During irradiation, the resistance state of the devices were sampled continuously at

a rate of 50 samples/s.

Using the configuration in Fig. 4.8, the voltage vs. time signal measured on the

oscilloscope was converted to the resistance values. The resistance vs. time data of

devices in the HRS and LRS conditions are shown in Fig. 4.9. The range of HRS data

is marked on the plot with a gray hashed area. The minimum HRS data boundary

is defined as the minimum observed value of the HRS while cycling the devices prior

to irradiation (i.e., 50 kΩ). The HRS state is shown to be very stable for the entirety

of the exposure. The plot in Fig. 4.10 highlights the HRS with the mean of the two

HRS control devices marked with a dashed magenta line. The HRS of the exposed

devices did not vary significantly during the exposure. The LRS is observed to be

stable to a TID of 10.1 Mrad(Si).

One of the benefits of the PMC technology is the ability to reliably program a
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Figure 4.10: Retention of the HRS.

Figure 4.11: Retention of the LRS.
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cell to multiple state levels [26], [29]. For this application to function correctly in a

radiation environment, it will need to retain its state and not transition to a different

logic defined resistance level. For the presented case of a 100 Ω resistance level,

the PMC devices are shown to remain at their programmed level until the TID of

10.1 Mrad(Si). Other low resistance states will need to be observed to verify that

multilevel program retention is possible in a radiation environment. In the previous

chapter, it is shown that a device programmed with a 1 µA compliance current is

capable of retaining the programmed state to a TID of 3.1 Mrad(Si). The capability

of the high LRS state retaining its programming suggests that LRS retention between

100 kΩ and 100 Ω is likely.

4.3 Discussion and Analysis

Previous studies [40], [41] on the effects of ionizing irradiation have shown that

irradiation can promote the diffusion of Ag into the ChG layer. As part of the photo-

doping process, UV light exposure ionizes the Ag layer and encourages diffusion as well

as chemical interaction with Se [44],[45]. If the γ-rays penetrate the metal contacts

to interact with the filament itself, the Ag in the filament should become ionized and

begin to diffuse into the surrounding ChG. The presented results in Fig. 4.6 show

that for the LRS, when the CF is formed, the state follows the behavior of the control

devices, suggesting that the Ag in the CF is not dissolving due to irradiation. The

stability of the CF is likely due to the concentration gradient of the Ag doping in the

ChG.

The TID PMC retention tests presented show promising retention results for PMC

that would be exposed to high levels of ionizing radiation. Fig. 4.12 shows that the

PMCs tested in this thesis exhibit a TID tolerance, several orders of magnitude

higher than commercial NAND Flash devices. The retention data presented in Fig.
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4.12 features the percent of errors observed per chip for NAND Flash 8 Gb single-

level cell (SLC) and multi-level cell (MLC) [46], 32 Gb SLC [47], and a 64 Gb MLC

[47]. The 8 Gb memory was fabricated at the 51 nm node and the 32 Gb and 64

Gb memory was fabricated at the 25 nm node. Each curve represents the average

number of errors for three separate memory chips. The Flash chips were operated in

No Refresh Mode, meaning that at the end of each dose step, the programmed state

was read to determine the retention of the initial programmed state.

Preliminarily PMC devices are observed to have a greater tolerance to 60Co γ-ray

irradiation than NAND Flash devices, but the tens of devices tested in this thesis do

not compare to the billions of memory cells tested on the Flash chips. To provide

a better understanding of how ChG based PMC devices compare in performance to

NAND Flash, results for a GeS2 based 128 kb CBRAM chip from Adesto Technolo-

gies Corporation is marked as a gray dotted line [48]. The Adesto CBRAM devices

function with the same mechanisms as the PMC devices presented [13]. No errors

were found up to the maximum tested TID of 447 krad (GeS2).
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Figure 4.12: Percent errors as a function of TID in NAND Flash no refresh mode
retention. Data obtained from [46],[47],[48].
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Chapter 5

CONCLUSION

In this thesis, the effects of ionizing radiation on the retention of state in PMC

devices was examined. Two different test setups were performed. In the first test,

the devices were exposed to 60Co γ-rays while the device contacts were left floating.

The devices were exposed up to 3.1 Mrad(Si). In the second test, the devices were

biased at the anode with a 50 mV read current during irradiation. The TID for the

in situ test was 10.1 Mrad(Si). The devices used for each test where both of the same

structure but from two separate fabrication batches. In both tests, the retention was

seen to be excellent with very little observed effect due to irradiation.

For the 3.1 Mrad(Si) exposure, the devices left in a HRS were shown to remain in

the HRS with very little deviation in resistance over time. The devices in the LRS

were programmed with a 1 µA current. Both the irradiated and control devices in the

LRS were shown to drift to a higher resistance within the first 1000 minutes of being

programmed. After the increase in resistance, the devices remained at the higher

value for the duration of the exposure. During the TID exposure to 10.1 Mrad(Si),

the devices were monitored in situ. The trace data presented in Chapter 4 shows that

the retention state of all exposed devices remained constant for the duration of the

test.

One very noticeable difference between the devices used for the two tests is the

observed HRS. The devices used for both tests were produced with the same recipe,

using the same equipment and materials, but the devices used for in situ testing

operated with a lower HRS. Given the examination in Chapter 2, the difference in

the HRS may be due to a difference in Ag doping profiles. Regardless of the reason
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for the difference, devices from both batches worked correctly and were capable of

retaining their programmed resistance state.

The ChG PMCs have been shown to be superior to commercial NAND Flash

devices in terms of tolerance to ionizing radiation. The PMC devices retained their

state up to 10.1 Mrad(Si) whereas the Flash devices are shown to fail after 300

krad(Si) or less. The presented comparison shows that PMC memory would be an

excellent alternative to Flash for extreme radiation environments such as space or

γ-ray sterilized medical devices.
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