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ABSTRACT

Continued scaling of memory devices has producetyrnssues for the current
foremost non-volatile memory—the flash memory—Ilegdio the emergence of a wide
variety of alternative memory solutions. Redox Qaotive Bridge Memory (RCBM) is
one such solution that has shown great promisedent years. However, the
performance of these devices under radiation cimmdithas not been explored in detail.
This work investigates the effects of x-rays aretbn bombardment on chalcogenide
glasses and RCBM devices based on these materials.

RCBM devices are a form of Resistance Change Memudrich rely on two
distinct resistive states to represent the bin@rand ‘1’ memory conditions. The
functionality of the RCBM devices is based on thewgh and dissolution of a
conductive filament through an insulating mediumdsgiched between two metal
electrodes. The presence of the filament represieatsn state, while the absence
represents the off state.

In this work, we studied RCBM devices fabricateitizihg amorphous Ge-Se
films as the active medium. Various composition§&efSe films were studied in order to
fully understand the effect of radiation over th@ioperties and determine the most stable
system. Various compositions of Ge-Se films in aohtvith an Ag source were studied
as well to simulate the exact processes occurnriige RCBM devices under radiation.

Several different material characterization metheodee utilized in order to perceive all

vii



of the effects occurring in the systems comprishirgRCBM devices. The major
characterization methods include Energy DisperSpectroscopy to determine the exact
compositions, Raman spectroscopy for analyzingthestural properties, and x-ray
diffraction to identify the molecular compounds.tBelectron beam radiation and x-ray
radiation were found to affect the variety of clugjenide glass compositions and
structures containing Ag in different manners, va#ith radiation type having a specific
impact signature. Correspondingly, radiation expesiso affected the performance
parameters of the RCBM devices. The performancésesk devices under the influence
of both forms of radiation were strongly relatedhie composition of the film within the

device.
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CHAPTER 1: IONIZING RADIATION

The increased need for scaling of memory deviceddtato the emergence of
alternative memory solutions. In many circumstantiesse memory devices may be
required to perform in extreme environmental cdodg, for which performance data has
not been disseminated. An example of such a cirtamos is the application of these
devices in space exploration. This work investigdke influence of radiation by x-rays
and electron beam on the Redox Conductive Bridgeig (RCBM) devices.

Forms of lonizing Radiation

There are many types of radiation, of which thesstao primary categories:
ionizing and nonionizing radiation. lonizing raddat is classified as any form of
radiation energy composed of photons or particliés @ough kinetic energy to remove
an electron from the valence band of an atom. Tleegy typically required to remove an
electron from an atom is 4-25 eV [1].

There are two different forms of ionizing radiatiatirectly ionizing radiation and
indirectly ionizing radiation. Directly ionizing déation is composed of charged particles
that ionize the atoms by directly interacting witle atoms [1]. Forms of directly ionizing
radiation include the following: electrons, positspionsa-particles, ang-particles. In
order to ionize the atom, each of these particlestrinave high enough kinetic energy
(i.e., high velocity) to excite an electron in tredence band of the atom. Indirectly

ionizing radiation, on the other hand, is compasiedncharged particles, like photons or



neutrons, which transfer their energy to chargetighes in the material upon which it is
incident. The photoelectric effect occurs whenrarident photon interacts with an
electron and transfers all of its energy to theteda. If the photon transfers sufficient
energy to the electron to release the electron tre@bonding site, then this interaction
results in the ionization of the atom. Dependingl@amount of energy transferred, the
excited electron can interact with other atoms exaite another electron deeper within
the material.

Certain types of electromagnetic radiation aresiliesl as indirectly ionizing
radiation, including-rays, x-rays, ultraviolet light, and visible liglir some materials.
An ionizing photon with energy of 4 eV would havearesponding wavelength of 300
nm. Conversion between the photon frequency anghb&n energy was theorized by
Max Plank [2]. This relationship between the engig)of the particle and the
wavelength X) is described by the following equations, in whitcis Planck’s constant
(4.136 x 18° eV:s ), c is the speed of light (2.998 x®@/s ), and is the frequency of

the electromagnetic wave.

E =hf 1)

1=< 2
_f ()
hc

E=— 3)

Generation of X-Rays

X-rays are a form of electromagnetic radiation vatioton energies ranging from

100 eV to 100 keV with wavelengths ranging frompb@ to 10 nm. X-rays can be



generated using three different methods: the Breatdang process, shell emission, or
synchrotron radiation.

The Bremsstrahlung x-rays are generated when atr@bepasses through the
electric field of a nucleus, causing the velocityie electron to decrease. Due to the law
of conservation of energy, the difference in endrggn the electron entering and exiting
the electric field is present in the form of a {3, 4]. This process is also known as
the inverse photoelectric effect because kinetergnfrom a moving electron is
converted to an electromagnetic wave [3]. The wength of the resulting photon is
described by the following equation, in whichi€the energy of the electron as it is
entering the electric field and 5 the energy as it exits.

hc (4)

Bremsstrahlung x-rays are produced using an apgasanilar to the diagram
shown in Figure 1. Current passes through the ddaaenent (cathode) and emits
electrons through thermionic emission [3, 5]. Tlearn of electrons is accelerated using a
strong electric field and then focused onto théadé. The potential difference between
the cathode and anode is typically on the ord&5dtV [3]. The positively charged
anode attracts the generated electrons from thedatand the electrons are directed
towards a heavy metal target (typically made ofjtien) [3, 5]. The velocities of the
electrons significantly decrease when they colat# the tungsten target and therefore
they emit x-rays. The cathode and anode are cadanside an evacuated envelope or
tube in order to avoid scattering of the electrionsir [3]. Additionally, the envelope
must be transparent to x-rays in order to emitxtnays towards the target situated

outside of the envelope.



The Bremsstrahlung process produces x-rays in a speéctrum of wavelengths;
for this reason, Bremsstrahlung x-rays are alsedan x-ray continuum, depicted in
Figure 2. A single crystal target will produce amaohromatic and strongly collimated x-
ray beam. However, by using a higher exciting picdé&rthe relative range of
wavelengths can be highly minimized at the expef$@aving a broad tail in the
spectrum. The effect of the tail can be signifibadiminished by placing filters on the

outside of the envelope.
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Figure 1. Schematic diagram representing the x-rayjube where x-rays are

produced by the Bremsstrahlung process
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Figure 2. Spectra of Bremsstrahlung x-rays with vaious electron exciting

potential gradients [3]

During the production of Bremsstrahlung x-rays,taeoevent known as shell
emission, which also produces x-rays, may occucofding to the Bohr model of an
atom, electrons occupy orbits, or shells, at disadéstances from the nucleus. During
shell emission, x-rays are generated when electroasigher energy shell transition to a
lower energy shell [5]. The transition produceshatpn with an energy equivalent to the
difference in that of the shells [5]. The most coomfiorm of this event is Kshell
emission, in which electrons transition into theeérmost and lowest energy K shell from
the adjacent L shell. X-rays produced from shelission are known as characteristic x-
rays since they have energies characterized bgttimeic energy levels. Characteristic x-
rays are denominated by the shell in which thetedas land in and a Greek letter, f3,

Y, 0, etc.) that signifies the difference in the endeyels before and after the transition.
For example, electrons that transition from the ar@rgy level to the n=1 energy level
emit K, x-rays, while electrons that transition from the8renergy level to the n=1

energy level emit Kx-rays.



The apparatus for generating characteristic x-imgénilar to the apparatus for
generating Bremsstrahlung x-rays. Electrons am@egjerom the filament through
thermionic emission and directed towards the anatie&sh holds the target. In this
process, the incident electrons excite electrams fthe K shell of the target atoms.
Consequently, an electron from an outer shell isfdtom transitions to a lower energy to
fill the empty K shell; the difference in energy texdalizes in the form of a photon. The
interaction between the incident electrons andahget atoms will produce both
Bremsstrahlung x-rays and characteristic x-raysvéi@r, the relative intensities
between the K shell emission x-rays and the Bremaisising x-rays will be very large,
thus ensuring that the output x-rays are primaighell emission x-rays. X-rays
produced from the K shell emissions have a muchdrigtensity, higher wavelength
and narrower range of wavelengths than the Breatdstig x-rays [3]. An example of

the K shell emission x-ray spectrum produced uaingplybdenum target is shown in

Figure 3.
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Figure 3. Characteristic x-rays K, and Kg as produced by K shell emissions

from a molybdenum target [3]



A synchrotron source is a more sophisticated andemmomethod than the
Bremsstrahlung tube and K shell emission for pradyxg-rays. With the aid of a
synchrotron source, the most intense x-rays candreufactured. In this method for x-
ray generation, electrons are constantly acceldramially around a large storage ring,
illustrated in Figure 4, maintaining a nearly camstenergy. In a modern synchrotron
source, electrons are generated with a thermiamgc gnd then accelerated using a linear
particle accelerator (linac). The energized eletrare injected from the linac into the
smaller ring, called the booster ring, as illugdain Figure 4.

The electrons from the booster ring supply thedaggorage ring. Once the
synchrotron is in full operation, electrons frone thooster ring are periodically injected
into the storage ring in order to maintain the gpetelectron current [6]. Injection of
electrons with energies other than the target gnetg the storage ring causes strong
disturbances in the electrons’ orbit and thereforerruptions of the experiments;
consequently, the booster ring and storage ringsnaintained at the same energies.
Additionally, a constant electron current in therage ring is maintained by frequently
injecting electrons from the booster ring that “qp the current when it drops below a
small error window of approximately 1 mA [6].

The storage ring is actually a series of straighimjycontaining insertion devices,
and curves, which contain bending magnets to maiatalosed path. This ring supplies
the electrons and/or radiation for any experimewt thus it is a crucial segment of the
entire synchrotron operation. To ensure that teetedn velocity is maintained
throughout the storage ring, a radio frequency (Bdwer supply restores energy to the

electrons that are lost to synchrotron radiatioission [6]. The electrons lose energy as



they approach the bending magnets and emit symohrcadiation. This radiation is
primarily x-rays generated through the Bremsstnadplx-ray generation process. The
difference between these x-rays and the Bremsatigh{-rays is the intensity and the
ability to selectively determine the wavelengthjch is a function of the electron

velocity and the strength of the bending magnets.

Booster

Ring beamline

Storage

Bending Ring

Magnets \
|‘ experimental
hutch
Figure 4. Schematic diagram outlining major compongts of a modern

synchrotron source [6]

Connected to the storage ring are beamlines, warelangentially connected to
the storage ring, situated at each bend of thagoring. The beamline is composed of
three major components: front end, optics, ancekperimental hutch. The front end of
the beamline serves several functions. It isoltedeamline vacuum from the storage
ring vacuum, blocks x-rays, and Bremsstrahlungatash (when necessary), selects the
acceptable angular range radiation, and filterglmisynchrotron radiation that is too

low in energy [6]. The optics portion of the beamliserves to select the desired energies,



focus the photons, and optimize the energy resolwf the beam [6]. Finally, the
synchrotron x-rays reach the experimental hutchrevtiee sample to be irradiated is
located.

Formation of Electron Beams

Another type of radiation source is known as aoted@ beam. Electron beam (e-
beam) technology is used in a wide variety of agpions, including electron beam
welding for industrial purposes, electron beam &emfor refining rare or refractory
metals, electron beam lithography for producingisenductor nanotechnology devices,
and Scanning Electron Microscopy (SEM) and TransioisElectron Microscopy
(TEM) for imaging microstructures.

The most crucial component for generating an ededbeam is the electron gun.
Two types of electron beam guns will be describehthermionic emission and high
field emission. The first form, the thermionic esia electron gun, is the most common
form of electron gun used in SEM imaging. In thegass of thermionic emission,
electrons escape the surface of the heated méatgradquiring thermal energy. The most
deterministic factor in this process is the workdtion of the heated material, which is
the minimum amount of kinetic energy required flec&rons to escape from the material.
For an electron gun, the ideal work function wolokdvery small in order to minimize the
amount of energy required to generate electronsvadmize efficiency of the
equipment. Tungsten has a work function of 4.55a¥ is commonly used in electron
guns. The maximum current density of the beam eaapproximated using the

Richardson-Dushman equation, in which T is the Tenajpre (K)® is the work
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function (eV),k is Boltzmann’s constant (8.617 x18V/K), and A is a material constant
with an ideal value of 120 A/chi6].
J = AT?e~ (%) ®)
High field emission is another method for genexgagtectrons, most commonly
used in the early forms of electron microscopycitms are generated by the application
of a strong electric field between two fine-poiteéatrodes. Electrons escape the surface
of the cathode through Fowler-Nordheim tunneling [Fhe current density at the point

of the electrode is given by Equation (6), wheiis Ehe electric field intensity at the

$3/2 6
J =154 x 10—6E—2e_<6'83X1°7TK> ©
' ¢

emitter,® is the work function of the emitting material, afds a constant
approximately equal to 1 [7]. The miniscule surfacea of the emitter limits the amount
of the electron current produced. The number ottemsites can be increased and
arranged into an array in order to increase thad swhount of current produced.
However, this type of arrangement may lead to a@aussian distribution in the
electron beam.
Interaction of lonizing Radiation with Matter

Whether the form of ionizing radiation is directyindirectly ionizing, it will
react with solid materials in the same manner:ldegment of an electron from the atom.
The difference arises in the manner in which tlutatgon source interacts with the
material to create an ionized atom. Directly iomgzradiation and indirectly ionizing
radiation interaction with material are describegagately due to their unique properties

and effects.
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Electromagnetic Radiation

As mentioned previously, electromagnetic formsonizing radiation are
indirectly ionizing because photons are unchargetigbes that transfer energy to
charged patrticles in the material. In turn, themely energized charged particles ionize
atoms in the material through Coulombic interadiddepending on the wavelength, and
subsequently the energy, electromagnetic radia@onaffect solid materials differently.
Most solid materials are transparent to larger \emgth radiation like microwaves,
which have wavelengths between 1 mm and 1 metecamedsponding photon energies
between 1.24 meV and 1.24 peV. Thus, radiation leitly wavelength (i.e. > 10° m)
and concurrently low photon energy passes througst solid materials without losing
energy or affecting the materials.

Electromagnetic radiation with shorter wavelendtles, ultraviolet, x-rayy-ray)
have higher energy. In fact, these forms of ragiatiave enough energy to eject an
electron from the valence shell of an atom, iomgZime atom. Therefore, ultraviolet,
x-ray, andy-ray radiation are classified as ionizing radiatiBar this reason, only the
forms of radiation with high energies are explarethis study. Figure 5 illustrates the
various categories of radiation that contributéhtelectromagnetic spectrum with their

corresponding wavelengths and photon frequencies.
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Figure 5. Electromagnetic spectrum describing the awvelengths and
corresponding photon frequencies.
Reprinted with permission from [8] © 2012 Elsevier.

When a photon is incident upon an atom, an eleafdhat atom may absorb all
of the photon’s energy. If the amount of energyoabed is greater than the binding
energy of the electron, then the electron will hemeugh energy to escape the atom,
effectively ionizing the atom. Most commonly thidlvccur with an electron from the
valence shell. Since this electron was part ofradbwith another atom, after excitation
from this state, the bond is now broken. The pHetdgc effect is the observation of an
ejected electron after absorbing all of a photemergy [3, 5]. The photoelectric effect is
most commonly observed with visible light incidemt metallic materials, which have
low ionization energies [3]; however, it can alsodbserved in semiconductor materials
when higher energy photons are used (e.g., x-rays).

The other type of interaction between photons aaterals is known as the
Compton Effect. The Compton Effect is prominent whige energy of the incident
photon is much larger than the binding energy efdlectron. The Compton Effect is an
inelastic scattering of a photon incident upon arghd particle, most commonly an

electron [3, 5]. In the Compton Effect, only a tian of the photon’s energy is
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transferred to a stationary electron, which is tejeeted from the location after the
interaction with light [5]. The interaction of thpdoton with the electron results in the
formation of an energetic electron and a remnantgrh Due to the law of conservation
of energy, the resultant photon energy must edugatlifference between the incident
photon energy and the kinetic energy of the ejeetectron. After the inelastic collision,
the resulting photon will have less energy andngédo wavelength. If the resultant
photon has enough energy, it may ionize a secoratam through the photoelectric
effect. Otherwise, the remnant photon is absorlyeahother electron, exciting the
electron to a higher energy level.

Electron Beam Radiation

Electron beam radiation is a form of directly ian@ radiation. Interaction
between an electron beam and a solid material @aseca wide range of events, depicted
in Figure 6, including the following: generationlzdckscattered electrons; generation of
secondary electrons; electron hole pair recomlmnaglectron transmission; and
Bremsstrahlung and characteristic x-ray generafitie.energy of the incident electrons
will determine which events transpire. In most saseultiple different forms of events
will occur.

A backscattered electron is a consequence of atieelateraction, meaning no
energy is transferred, between a beam electrothenducleus of the specimen. In this
interaction, the electron is scattered back othefsurface of the specimen. The electron
is attracted to the nucleus of the atom by the @ublforce, as described by
Equation (7), in whicle is the elementary charge; @ the charge of the nucleus, and r is

the distance between the two charges.



14

Auger Electrons

Secondary Originate from top 4-50 A
Electrons

Backscattered

Electrons

Irradiated Material

Figure 6. Generalized illustration representing pralucts of electron
bombardment; secondary electrons and Auger electraremain near the surface
while backscattered electrons and characteristic xays exit the sample

F= —eQ (7)

4mr?

The equation for Coulomb force reveals that thedas stronger for atoms with
higher atomic number Z. Therefore, atoms with high&vill generate more
backscattered electrons than atoms with lower £,tduhe relative number of protons in
the nuclei. In scanning electron microscopes, baatkered electrons can be used to
detect different compositions, grain boundaries, pimase boundaries.

An inelastic interaction of an electron bounde@drncatom with a beam electron or

a backscattered electron will result in the formaif a secondary electron [9]. The



15

incident electron will transfer kinetic energy teetbounded electron, providing enough
energy for this electron to escape the valencé ehtie atom.

Electron hole pair recombination within the matiec&n result in numerous
outcomes including characteristic x-rays, Augectts, and cathodoluminescence.
Characteristic x-rays, as described previously,rggmehen an electron from an outer
shell falls into an empty shell closer to the nusleThe difference in energy between the
two shells manifests as an x-ray photon. Augertedas are formed in a manner similar
to characteristic x-rays with the exception that émergy from the electron is transferred
to another electron in the outer shell [5, 9]. Eieited electron is then ejected from the
outer shell. The final product of electron holerpacombination is cathodoluminescence
and occurs in semiconductor materials. An inteoachietween a beam electron and an
electron in the valence band of the semiconductoiteethe electron into the conduction
band, leaving behind a hole. This energeticallytaivis state leads to the electron hole
pair recombination and the discharge of a photdh thie difference in energy [9].
Cathodoluminescence only occurs in semiconductecause the energy bandgap is
within the energy range of visible light.

Bremsstrahlung x-rays were previously describedkeiail. In this case, the
Bremsstrahlung x-ray is the photon product of atastic interaction of a beam electron
or backscattered electron with a nucleus withinsgpecimen. It is also possible for an
electron to transmit from the beam source compleétebugh the specimen without
interacting with any of the atoms. This is knowregectron transmission and is most

commonly utilized in Transmission Electron Micropgd TEM).
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This chapter detailed the methods for generatirmdifferent forms of ionizing
radiation. As previously described, the distinguigtproperties of electromagnetic
radiation and electron beam radiation influence leaah form of radiation will interact
with matter. The following chapter will charactexithe particular material of interest for

this study.
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CHAPTER 2: CHALCOGENIDE GLASSES

Chalcogen elements are those that compose GroupitiAe periodic table,
most notably, sulfur (S), selenium (Se), and tellar(Te). Materials that contain these
elements are distinguished as chalcogenides. Gieates have a wide range of uses,
including applications in solar cells, memory sggraand inorganic photolithography.
This chapter will detail chalcogenide glasses,ex#ig class of these materials, and their
unique properties.

Material Classifications

Solid materials take one of three forms: crystellipolycrystalline, or amorphous.
Crystalline materials exhibit long range order veharunit cell is replicated and repeated
periodically throughout the entire solid. In théxgees of materials, once the exact
location of an atom and its nearest neighbors aosvk, the placement of any other atom
throughout the crystal can be predicted. Polychyséamaterials are composed of
multiple different crystallites or grains varyingth in size and orientation. The third type
of solid is amorphous material, e.g. fused sil8&X%), which exhibit the greatest amount
of disorder. Because of the flexibility of theirgtture, these materials offer versatile
applications, one example of which is as an actiedium in resistive-change memaory

devices.
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Glass Preparation
Glasses compose a large segment of amorphous atait@ie traditional method
of glass formation involves melting the materiats pebble or powder form, then
cooling the material at a rapid quench rate [10f glass synthesis process is

summarized in a graph in Figure 7, with furtheradstto follow.
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Figure 7. Evolution of material viscosity during ghss preparation process Ge-Se

Chalcogenide Glasses; the graph shows glass tramsit temperature (Tg), melting
temperature (Tm), and quenching temperature ()

Initially, the raw materials in pebble form are gisely measured in order to
achieve the exact ratio of elements. These masaial vacuum sealed into a fused silica
ampoule to avoid oxygen and other contaminante sHaled ampoule is placed into a
specialized rocking furnace, which slowly increatbestemperature to the melting
temperature (), described as Step 1 in Figure 7. Once the reatthes 1, it
experiences a dramatic change in viscosity (Steptzhis point of the synthesis, the
furnace, with the ampoule, is rocked to ensurecumifmixture of all elements
throughout the melt. Heating and mixing of the neelitinues (Step 3) until it reaches a

specified quenching temperaturey;Tat which point it is cooled (Step 4). If the il
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allowed to cool slowly, indicated by the dottecelim Figure 7, the material structure will
transform towards the lowest entropy state, whsctrystalline. The temperature at
which the glass transitions from a solid to a sopeled liquid is known as the glass
transition temperature gl. To maintain the amorphous nature of the methé
solidified material, the ampoule is swiftly removiedm the furnace and quenched in air,
water, or an ice bath, which forces the materigjuizkly surpass ¢ preventing
crystallization and maintaining a high viscosityg[$5). Depending on the required
guench rate, the quench time can range betweeiseoitinds and hours [11]. Glasses can
be created using any system of elements with Vargthbility, but in different systems
there are only certain compositions, known as diassing regions, in which stable
glasses can be formed.
Chalcogenide Glasses

Chalcogenide glasses are covalently bonded gl#ésaesontain at least one of the
chalcogen elements. In chalcogenide glasses, #ileagen elements can be combined
with other elements for various applications. Fatance, GeQdnas demonstrated
applicability in NQ gas sensors [12, 13]; GeSbTe has been used viidedwritable
optical discs as a form of phase-change memory [4$ study will focus on Ge-Se
glasses due to properties that are favorable &istree-memory devices in harsh
radiation environments.

Germanium (Ge) containing chalcogenide glassestagen over Arsenic (AS)
containing chalcogenide glasses primarily for tiglhér coordination number, which

leads to a higher glass transition temperaturas@r-fold coordinated while As is
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only three-fold coordinated. For example, the titaors temperature of AgS;ois 100 °C

while that of GegySyg is 400 °C, as determined from the data in Figarar@d b.
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Figure 8. Glass transition temperature for (a) AgS:« (b) G&S1.x, and GeSe .

(a) Reprinted with permission from [15] © 1966 thelapan Society of Applied
Physics (b) Reprinted with permission from [16] © 297 the American Physical
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The pairing of the different chalcogen atoms (S,d884de) with germanium,
forming the binary Ge-chalcogen glass system, sffigstinct properties. Sulfur and
selenium containing glasses have similar propettiasare ideal for certain types of
resistive memory devices. However, selenium coitgiglasses have some advantages
over sulfur containing glasses in radiation envinents. Firstly, Ge-Se systems have a
larger glass forming region than Ge-S systemsjsgayed in Figure 9 [11]. The smaller
glass forming region in Ge-S glasses is attribtbetthe phase separation of sulfur, which
easily occurs in sulfur containing glasses. Indage of phase separation, rings of eight
sulfur atoms with bond angles of 105° form, whigtdme completely disconnected
from the rest of the glass network [17]. Compa#gdiiyselenium containing glasses form
hexagonal chains, which run parallel to each ofinerhave bond angles of 103.1° [18].
The bonding forces between the chains are van @aldfNorces, which makes these
glasses much more flexible; therefore, phase stpaia less likely to occur [18].
Additionally, Ge-Se bonds have a longer bondinglerf2.135 A) and smaller bonding
energy (485 kJ/mol) than those of Ge-S bonds (28534 kJ/mol) [19].

The significantly weaker bonds and narrow bandgapmon in telluride glasses
cause dissimilar electrical and optical performangben compared to the other two
chalcogen systems [20, 21]. Additionally, telluriglasses have a small glass forming
region, shown in Figure 9, which limits the flexityi to study different compositions
offering unique structures that are easily achievabthe other chalcogen systems.
Elemental Te cannot form a glass, but Te contaiglagses have the lowes}df the

chalcogenide glasses. For example, ing&@oglass, the Tlis 160 °C [22] compared to
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the Ty of GexgTeg at 147 °C [23, 24]. For applications in harsh addn environments,
glasses with highergimaterials are desirable in order to avoid cryigtaiion.
Structural Units of Ge-Se Glass
Since the structure of the disordered materiaté irmajor importance for their
performance and is studied in detail in this walnle, fundamentals of the structure of the
Ge-Se glasses are presented here. They consisiasfaunit cell: a Geg¢etrahedron,
shown in Figure 10. It contains a single Ge atoth@tcenter surrounded by four

covalently bonded Se atoms, each at a bond andl@%5°.

«

Figure 10.  Basic GeSgtetrahedron unit; Ge atom at the center of four
equidistant Se atoms

The formation of the tetrahedron is due togfehybridization of the Ge atom.
According to the valence bond theory, the grouatestlectron configuration of Ge is
[Ar] 3d'%4g4p’ with the4s orbital full and the twetp? electrons ready to react with their
neighbors, as depicted in the left side of FigureHowever, since thésand4p energy
levels are quite close, when Ge comes in contabttether atoms, interaction results in
the four orbitalsy(@3s), W(3y), Y(Sy), and Y@Ep,), mixing together to form four new
hybrid orbitals. Because the same amount of ensrggquired to remove each electron
from the valence shell of Ge, there cannot be tifferdnt energy levels. Thus, the

hybrid orbital is formed at energy lower than tipeotbital and higher than tlis orbital.
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This orbital is called the 8fybridized orbital because it is formed from @r@bital and
threep orbitals. Thesp® hybridized orbital is the reason that Ge is tyfhjoabserved in a

tetrahedral structure.
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Figure 11.  sp’ hybridization of Ge valence shell; all four electons have the same
energy
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Amorphous Ge-chalcogenide materials are composseéwefral basic structural
units: corner-sharing tetrahedral (CS) structuedge-sharing tetrahedral (ES) structures,
ethane-like structures of Ge-Ge bonds (ETH), clgdoachains (Se-Se or S-S), and
distorted rock salt structures [25].

There are two structural units that are each cosgbostwo unit cell tetrahedra:
corner-sharing and edge-sharing tetrahedral stestdhe corner-sharing tetrahedral
structure, shown in Figure 12, consists of two aalt tetrahedra that share one
chalcogen atom, which is situated at the cornéott unit cells. The bonds that the
corner Se atom shares with two Ge atoms fill tHenae shell of the Se atom and satisfy
the 8-N rule [3]. This structure contains a 2:7aaf Ge:Se atoms. The edge-sharing
tetrahedral structure, shown in Figure 13, consifta/o unit cell tetrahedra that share
two Se atoms to form an edge in the structurenérnetdge-sharing, structure there is a 2:6
ratio of Ge:Se atoms.

The ethane-like bonding structure, shown in Fidi#econsists of two Ge atoms,

each Ge atom bonded with three different Se attmthis structure, the two Ge atoms
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are covalently bonded together, which fills the & hybrid orbital to satisfy the 8-N
rule. Glasses containing high Ge content (&el0%) will sometimes contain another
structure in which both Ge and Se atoms are thokkebordinated. This structure only
occurs when there are insufficient Se atoms presesdtisfy the 8-N requirement of a

Ge atom. This Ge atom will form a dative bond viite lone pair electrons of a Se atom,

WX,

Figure 12.  Corner-sharing bond Figure 13.  Edge-sharing bond
tetrahedral structure tetrahedral structure

oo

Figure 14.  Ethane-like Ge-Ge Figure 15.  Distorted rock salt
bonding structure layered structure

I

thereby satisfying its valence shell.

Figure 16. Layé'rédF_{ock Salt structure [25]



25

CHAPTER 3: RADIATION-INDUCED EFFECTS IN CHALCOGENIB GLASSES

The structural units of Ge-Se glasses were destimb€hapter 2. The ways in
which these structural units are connected togdtner the backbone of the glass and
determine the flexibility of the glass network. $twhapter will explore the effect of two
different forms of radiation on Ge-Se glasses:ted@etagnetic and electron beam. As
previously mentioned with respect to materialseneyal, these forms of radiation will
interact with chalcogenide glasses in different neaa due to the difference in nature of
photons and charged particles. Electromagneti@tiadi interaction with chalcogenide
glasses will be divided into two different groupk) sub-bandgap photons and (2) high
energy photons.

Electromagnetic Radiation

Absorption Edge

Most materials are transparent to radiation witigkr wavelengths (i.e., radio
waves and microwaves) and absorb radiation withtshwavelengths (i.e., x-rays apd
rays). However, the transparency of a materiahthation with intermediate wavelengths
(i.e., visible light and ultraviolet light) is moembiguous. A material-specific parameter
known as the absorption edge identifies the wagtheat which the material becomes
transparent to the incident radiation. The absonpspectra for amorphous As-Se and
Ge-Se in Figure 17 indicate the absorption edggsbig at 395 nm and 490 nm,

respectively. Based on this data, it is approxich#tat the absorption edge of amorphous
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Ge-Se films ranges from 500 nm to 575 nm, whichesponds to photon energies
ranging between 2.15 eV and 2.48 eV [26]. Chalcatpeglasses are highly transparent
for wavelengths greater than 575 nm and highlyiegple for fiber optic applications

[27, 28]. Photons with energies greater than 2\M&re absorbed and affect the structural
performance and properties of the Ge-Se glass whakes these materials highly

applicable for this research.
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Figure 17.  Absorption spectra of amorphous As-Se @ahGe-Se; the glasses do not

have a straight absorption edge which is centered@und 550 nm.
Reprinted from with permission from [26] © 2008 El®vier.

Sub-Bandgap Photons

Two prominent effects have been discovered astregudtom the interaction of
visible and ultraviolet light with Ge-Se glassebe$e two effects are known as
photobleaching, an increase in the transparenclyphatodarkening, a decrease in the
transparency of the material. Photobleaching oatenal corresponds to the absorption
edge shifting towards lower wavelengths (i.e., [db#t). Conversely, the absorption
edge of a photodarkened material will shift towanager wavelengths (i.e., red shift).
Photobleaching and photodarkening effects in anmmrplthalcogenide materials are

utilized in a variety of applications, including mery storage, dense holographic
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recordings, optomechanical transducers, etc. [39H830ome amorphous chalcogenide
materials, such as a-GeSe materials, a dual rddetbfphotobleaching and
photodarkening was observed [34-36]. However, dvager time periods,

photobleaching is more dominant [37].
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Figure 18.  Time evolution of transparency in GeSdfilm with switching light
source; photodarkening (decreasing T/To) occurs imitial 110 secs; after 120 secs
photobleaching (increasing T/To) starts
Reprinted with permission from [38] © 2011 Elsevier

Studies on Ge-As-chalcogenide glasses have deratatsthe coexistence of
both photobleaching and photodarkening, where mlaok@ning will occur immediately
with radiation exposure. After an initial periodygitobleaching will become more
dominant over photodarkening [35, 36]. The switghiom photodarkening to
photobleaching is evident in the inset graph oliFeglL8. It is hypothesized that this
transient photodarkening is due to the formatiomtdfrmediate states between the
ground state and the photo-excited states enesfjesctrons [38]. This type of result is
attributed to breaking bonds and subsequent ma@eoghrrangement. The destruction of
bonds causes the rearrangement of traps withibhahdgap of the material, thus

effectively decreasing the bandgap of the mateFiadre are two theories explaining
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photodarkening, the first of which states thatliheadening of the valence band changes
the bandgap [39-45]. The other theory suggestshieatxtended intermediate states
affect the change in the bandgap due to excitethelzarriers [39-45]. These two
theories are based on the formation of defectssiwbiriginate from the breakage of
bonds. The specific defects that contribute to ptatkening are located within the
bandgap of the material and act as localized steteseasing the number of defects, the
bandgap of the material reduces since there aab@amdant number of defect sites in
near proximity for an electron to hop from one déete another.

The other dominating effect is photobleaching ef @e-chalcogenide glasses,
which is also attributed to two different mecharssifihe first mechanism is photo-
oxidation of Ge near the surface of the film. Plht#aching due to photo-oxidation has
been studied by comparing the transmission spetEeSe and GgSe; films in air and
vacuum [37]. The results of this study suggest ith&e-rich films, 40 at. % Ge,
photobleaching is dominated by the photo-oxidatr@thanism [37]. In lower Ge-
content films, photobleaching is dominated by theosid mechanism, changes in the
structural ordering [37]. The structural reorderiageneralized as a conversion of
homopolar bonding structures to heteropolar bondtngctures. More specifically, the
ethane-like structures, which contain a Ge-Ge band,the Se-Se chains reorganize to
form structures with Ge-Se bonds (i.e., Get®gahedra that can be connected by either a
corner or an edge) [36]. The bond conversion isrilgsd by chemical reaction in
Equation (8) [36].

Ge — Ge + Se — Se + hv = 2Ge — Se (8)
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Photodarkening and photobleaching were observedrsub-bandgap light, but
similar structural changes and defect formationgteso been studied in chalcogenide
glasses exposed to high energy photons.

High Energy Photons

Chalcogenide glasses exposed to high energy phatiirexperience the same
effects as when exposed to sub-bandgap photoasddition to changes associated solely
to the high energy photons. The effects of highrgmnphotons can be further categorized
as dynamic and static changes in the structuralarktof the glass. Dynamic changes
are those that will decay over a period of timerafadiation exposure is stopped (e.g.,
electron-hole pair generation). In the case of dynahanges, the structure may revert
back to its original state (e.g., electron-hole pacombination). On the other hand, static
changes are those changes that remain after mdetposure has ceased, such as bond
breaking and molecular rearrangement.

Radiation-Induced Dynamic Effects

Electron-hole pair generation is a dynamic efféqitemton radiation. In this
event, an atom absorbs the energy of a photonleftren within the atom becomes
excited enough to exit the atom, leaving a holésiplace. A study on a-Se systems has
demonstrated the dynamic electronic charge neréitadn of defects in the network by
electrons and holes generated during photon illatron [46]. Initially, the positively
charged, over-coordinated Se atoms will trap ed@strwhile the holes will be trapped
around the singly bonded, under-coordinated, agdtnely charged Se atoms,
effectively neutralizing the electric charge ofsh@toms [46]. Eventually, the

neutralized defects will reach an equilibrium, whadlows the charge carriers to move
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freely within the network without being trapped [46his study also observed that the
decreasing amount of defects led to a shift inFixemi level towards the valence band,
which increased the conductivity of the p-type semductor [46]. It is believed that the
observed effects are due to charge trapping rétlerelectron-hole pair recombination,
because the charged defects revert to their ofigtate after the termination of photon
illumination [46].

Radiation-Induced Static Effects

The majority of the changes in the structural neknad the glass are primarily
related to the radiation-induced static changelstoken bond resulting from the
absorption of a photon forces the surrounding ngtw@rearrange in order to fulfill the
8-N rule for each atom. The details of which paitac bond is formed are dependent
upon the atoms involved in the broken bond as asethe possible defects situated
adjacent to the broken bond. The amorphous nafuhemetwork provides a wide range
of possibilities in bond transformations, as illaséd in Figure 17 for the binary As-S
system. One possibility, known as destruction-p@aszation, is the destruction of a
homopolar bond in favor of a heteropolar bond)lastrated in No. 1-4 in Figure 19, or
the destruction of a heteropolar bond in favor bbenopolar bond, No. 9-12. [47].

Additionally, the rearrangement of the network noagur with a broken bond
being replaced by the same type of bond. Thabésbteaking of one heteropolar bond
may result in the formation of a new heteropolandmvolving a different atom, No. 13-
16. Analogously, a new homopolar bond may form fepbroken homopolar bond, No.

5-8.
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Figure 19. Possible structural changes in a-AS; with As-o and S-e
Reprinted with permission from [47] © 2004 Elsevierand Elsevier Books

The static structural changes described in FigQraré governed by a set of
principles that have been defined by Shpotyuk.dbalhe interaction of-rays with

amorphous chalcogenide glasses [47]. These prexipill apply to interactions between
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amorphous chalcogenide glasses wnalys as well as x-rays, due to the similar photon
energies relative to the bonding energies withenglasses. Photon radiation-induced
static effects must comply with the following priples [47]:

1. All statistically possible transformations mustdmnsidered, which can be
described by a single generalized equationken bond — created bond
Additionally, a single broken bond can only resulthe formation of another
single bond.

2. The interaction of high energy radiation with tmeaaphous network may
result in the formation of weaker ‘wrong’ bonds ptlee stronger bonds. This
transformation of a previously strong bond intcoadh consisting of a lower
bonding energy causes a low-energetic shift obthsorption edge leading to
the decrease in the bandgap of the system.

3. High energy radiation with the amorphous networly mesult in the
formation of strong bonds over wrong bonds. Thenttion of strong bonds
will lead to a high-energetic shift in the absaoptedge and an increase in the
bandgap of the system.

4. In a close packed glass network with high atomitsdg, only
transformations with high energy differences maguocThis rule does not
apply to amorphous chalcogenide glasses with lawgitkedue to the
abundance of voids within the network.

Electron Beam Radiation
The effects of electron beam radiation interactintty chalcogenide glass are

primarily dependent upon the energy of the elestrdihe energy of an electron beam is
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typically greater than 1 keV, which is in the saemergy range as x-rays apaays.
Therefore, some similarities are expected betweelnteractions of electron beam
radiation with chalcogenide glass and the inteoastiof x-rays ang-rays with
chalcogenide glass.

The similarities between the effects on chalcogegidss due to high energy
electrons and high energy photons include eledtaa-pair generation and static
structural changes in the glass network. The pyrddference between these two types
of radiations is the type of particle that delivére radiation. Photon particles may be
completely absorbed by particles within the gldter anteractions. On the other hand,
electrons will remain within the glass after intgrans with the material unless there is a
conductive path that allows them to escape. Thiglyiof negative charges within the
glass is called charging [48]. For this reason¢cspens in scanning electron microscopes
are grounded through the sample holder.

In electron beam radiation, high energy electroanget into the chalcogenide
glass and interact with the structure of the malkefihese incident electrons collect at
localized sites within the glass [49]. The collentbf newly introduced electrons creates
a localized and negatively charged electric fid@, [50]. The different sites where
electrons are collected interact with each othesugh electrostatic forces [49, 50]. One
study models the network as a layered network toohestrate the interaction of
negatively charged sites [50]. The negatively cbdrgjtes will experience repulsion and
force the surrounding amorphous network to acconateotihe electric fields, as

illustrated in Figure 20 [50].
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Figure 20.  Interaction of negatively charged sitethrough a double layered
model of the glass network (a) electrons accumulat sites in the network (b)
negatively charged sites repel each other creatingids within the network
Reprinted with permission from [50] © 2002 AIP Publishing LLC.

The layers of structural units are connected bydeamWaal'’s forces, but the
electrostatic forces from charging at differentaiimed sites overwhelm these van der
Waal’s forces. These repulsive electrostatic fomzsse a localized expansion of the
amorphous network, which leads to the formatioloof pressure regions [51]. Within
the low pressure regions, voids and new pathwag$oamed that allow the diffusion of
ions within the glass. The network also experiermmespressions in the opposing regions
that cause the formation of high pressure and tigtsity regions in the network [51].
The diffusion of mobile ions will be restrictedtime regions of high pressure, which may

lead to slower saturation of the ions in the glass.
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CHAPTER 4: Ag-CONTAINING CHALCOGENIDE GLASSES AND EMORY

APPLICATIONS

Up to this point, chalcogenide glasses as welha®ffects of radiation on these
glasses have been described in detail. The incatiparof silver (Ag) into the
chalcogenide glass enhances the optical, electandlmechanical properties of these
glasses for their application in sensors, battedpscal recordings, and memory devices
[52-58]. The mechanisms of ion diffusion into tHasg and some of the applications of
these materials will be described further.

Mechanisms of Ag Diffusion into Chalcogenide Glass

Structural defects are inherently present withenribtwork, such as dangling
bonds, due to the amorphous nature of the glag®rGtructural defects result from
radiation exposure, such as charged defects, iel&elds, voids, and structural and
molecular changes [47-51]. Structural defects iehtty present in the glass network
along with defects created as a result of radiagixposure will increase the diffusion of
ions, e.g. Ag, into the glassy network.

Aq Diffusion

The diffusion of Ag into chalcogenide glass wilisti be described with the
absence of an external energy source (i.e., radjatAlthough the dynamics of Ag
diffusion from a concentrated silver source inte thalcogenide glass are not fully

understood, it is believed to be a multiple stegrpss, which is primarily motivated by
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the principles of Fick’s first and second laws [58] the interface between the Ag source
and the chalcogenide glass, Ag atoms readily batidalalcogen atoms from the glass,
producing non-crystalline compounds [58-61]. Thikdsstate chemical reaction between
Ag and Se, and its corresponding Gibbs free engtGfssg), that occurs at this interface
for the As-Se system is provided in Table 1 [58]eIG%ss of each of these reactions
are negative, allowing the reaction to occur inghsence of external energy [58].
Following this chemical reaction, a thin regionAgf-doped chalcogenide glass resides
between the Ag source and the undoped chalcogglads.

Table 1. Chemical reactions occurring at the interéice of Ag and As-Se glass
[58]

Chemical Reaction | AGY4g (kj/mol)

2Ag + Se - Ag,Se —25.13

The interface between the Ag-doped chalcogenidessgland the undoped
chalcogenide glass stimulates the formation of $)dle addition to the holes present in
the p-type chalcogenide glass [58, 59]. The holggate towards the Ag source and the
Ag atom captures the charge carrier, as describdteifollowing equation.

Ag+h* - Ag* 9)

Finally, the Ag ions diffuse into the chalcogenide glass accortingick's laws
from the silver doped to the undoped region. Funtioee, the diffusion of silver in

chalcogenide glasses resembles a step-like coatientprofile [58].
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Aqg Diffusion with External Forces

Silver diffusion into chalcogenide glass may beezkfed with the presence of a
catalyst, which can be in the form of thermal egealectromagnetic energy, electron
beam radiation, or electric field gradient. Expestar heat provides thermal energy to the
system and promotes the generation of electron{bails in the glass [62]. In the
presence of thermal energy, Ag diffusion is expstlty the accelerated formation of
holes, surpassing the chemical reaction in Tabkollowing the generation of holes, Ag
ionizes and diffuses into the glassy medium, adogrtb the process previously

described.
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Figure 21.  Comparison of photodiffusion and thermadiffusion of Ag in Ge,Ses
glass; saturation of Ag occurs faster with photo dfusion and also introduces more
Ag into the glass than thermal diffusion
Reprinted with permission from [63] © 2004 Elsevier
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Electromagnetic energy (i.e., photons) induceduditin of Ag is called
photodiffusion. It has been demonstrated that ghfftsion of Ag into Ge-Se glass
occurs faster and introduces more Ag than theriiffalstbn of the same system, as

shown in Figure 21 [63]. The difference in the difiion rates can be explained by the
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influence of photons on the Ag atoms and the giadsork. Similar to the circumstances
with thermal energy, photons incident upon thegtetwork will cause electron-hole

pair generation. The photons may also interact thighAg, generating Agons, which

will then diffuse into the glass. Additionally, ploms may cause defects within the glassy
network in the form of broken bonds. The electharge associated with these broken
bonds will attract the Agions.

The influence of electron beam radiation over Aifudion into chalcogenide
glass is similar to that of electromagnetic radiatiThe primary difference is due to
charging of the glass. The collection of electrahdefect sites within the glass creates an
electric field that attracts Agons. Therefore, Ag diffusion in chalcogenide glasder
the influence of electron beam radiation is theraggte of all diffusion mechanisms that
have been described: electron-hole pair generdatitre glass; interactions with Ag
leading to A ions; interactions with the glass leading to brokends; and negatively
charged sites within the glass that attract isgs. The interplay of these diffusion
mechanisms due to electron beam radiation mayibakdrto enhanced Ag diffusion
compared to thermal Ag diffusion.

The final method for influencing the diffusion raikAg is through the
application of an electric field gradient. Thisechanism is the basis for the functionality
of redox conductive bridge memory devices, whict g discussed later in this chapter.

Structures of Ag-Doped Chalcogenide Glass

After the diffusion of Ag into the Ge-Se glass netky Ag can either remain as a

Ag atom or react with atoms within the glass netw&tudies of Ag diffusion in the a-Se

system have demonstrated the formation of two wffecrystallized phases of the binary
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compound. The first phaseflsAg.Se, which is stable at room temperature. Hphase
has an orthorhombic crystal lattice and a conditgtof 9.8 x 10° (Q* cmi?) [53]. The
second phase formed in the Ag-Se systemAg),Se, which is only stable at
temperatures greater than 133 °C. @kghase has a body centered cubic crystal lattice
and a conductivity of 3.10* cmi*) [64]. In addition to the binary phase, a secopdar
diffusion product can be formed, also referredsdhee ternary phase, which consists of
Ag-Chalcogen-Ge structures (e.g.,s8@Se). The conductivity of this phase is purely
that of a semiconductor.

The presence of these various phases alters tlgeicirity of the film.
Additionally, by controlling the movement of Ag Wit the glass, the conductivity can
be set between distinct conductivity states. Meidmas for introducing and removing Ag
from the glass can be exploited through the apijpticaof an external electric field. This
idea is the basis for one type of resistance charegaory.

Basics of Resistance Change Memory

Resistance change memory (RCM) is an emergingisnlas a replacement of
the current leading technology in nonvolatile meyndonvolatile memory is a category
of memory storage that maintains the stored daés #ife power supply has been
removed. The basic qualification for RCM requires tlevice to store binary data in the
form of two different resistive states. The binatgtes of ‘0’ and ‘1’ are defined by the
high resistance state (HRS) and low resistance @t&S), respectively. The HRS and
LRS are also known as the off-state resistanceoarstate resistance, respectively.

There are various types of materials and devicasate classified as RCMs.

Current emerging forms of RCM devices include feleatric capacitors, phase-change
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devices, and redox conductive bridge devices. THesres can be placed into a matrix
of word lines and bit lines, which form the circdésign for Resistive Random Access
Memory (RRAM). RRAM can be more specifically iddigd by the storage device
within the matrix: ferroelectric random access mgmphase-change random access
memory, and redox conductive bridge random accessary.

Ferroelectric Memory

The concept of ferroelectric memory is based uperpermanent presence of
dipoles within ferroelectric materials. The polatipn of the dipoles, which can be
controlled through the application of an electréd, affects the resistivity to the films
[65]. Ferroelectric memory devices have the stmattiorm of a ferroelectric layer
sandwiched between two metal electrodes, whichrabittite electric field. Therefore,
two distinctly different resistive states (HRS &RIS) can be created in the device.
When the electric field is removed, the dipolesntain their orientation. These devices
are commonly called ferroelectric capacitors. Tlishtommon material used in these
ferroelectric capacitors is lead-zirconium-titan@®@&T).

A single ferroelectric random access memory (FeRA#M)is composed of a
select transistor and a ferroelectric capacitahefdesign illustrated in Figure 22. In the
cell, the gate terminal of the transistor is coteédo the word line and the drain
terminal to the bit line. The state of the capadganeasured by applying a small read
voltage either to the bit or word line. Unforturlgtegeading the device erases the

memory state as well, so the cell must be re-progred after every read cycle.
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Figure 22. FeRAM cell design includes 1 access CM@@nsistor and 1

ferroelectric capacitor
Reprinted with permission from [66] © 1988 IEEE

Phase-Change Memory

Phase-change memory (PCM) is based on the diffesanaeflectivity and
resistance between the amorphous and crystalliaggsiof chalcogenide materials. The
amorphous phase demonstrates high resistancewamdflectivity, while the crystalline
phase demonstrates the opposite. A PCM deviceiosrdaop electrode, a chalcogenide
layer, and a heating element. The amorphous pkdeemed by applying a high current
in a short period (~10 ns), which heats the chaoale past the melting temperature and
rapidly cools it. The crystalline phase is formgdapplying a smaller current, which
maintains the temperature of the chalcogenide ¢toige melting point for a longer
period (~1 ps) [67]. The phase-change mechanisréws widely used in re-writable
CD and DVD technology. The HRS for PCM is typicadly the order of 100x greater
than the LRS. The cell design of phase-change raratess memory is similar to that
of FeRAM. The cell consists of a PCM device anélac transistor connected in the
same manner as a FeRAM cell. A major disadvanth§EM is the high current

required to form the amorphous phase, which leadshigh power consumption.
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The last form of RCM will be characterized in gexadetail, since it is the subject

of this study.
Redox Conductive Bridge Memory

Redox conductive bridge memory (RCBM) devices a%el on the design of a
metal-insulator-metal (MIM) structure, similar toetstorage devices in ferroelectric
memory and phase-change memory. The structurajrdesithese devices includes one
electrochemically inert electrode, which functi@ssthe cathode, and one
electrochemically active electrode, which functi@ssboth the anode and the ion source
in forward bias mode. Between these two electroegsles the solid electrolyte
insulating layer, which is the medium for ion contion and bridge formation. This

general structural design is illustrated in FigR8e which shows the bridge formation.
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Figure 23. Basic design of RCBM device with conduete bridge in place; the
device shown is in the ON-state or LRS; a forwardias is being applied

Switching Mechanisms in RCBM

The RCBM devices demonstrate bipolar resistivedwilg, which means the
switching occurs asymmetrically. The polarity o toltage required to write to the
device is the reverse of that which is requiredrzse the device. The current-voltage
characteristics of bipolar switching RCBM are presd in Figure 24. The stages where

the device is in the off-state/HRS are highlighteded. After a certain threshold during
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forward bias, the device switches, indicating te#ite voltage. The current through
the device is limited by the compliance curren).(épplication of the compliance
current prevents excess current flow through th&@K@evice, which can burn out the
device. As the voltage approaches 0 on the rewsveep, an ohmic relationship is
observed between current and voltage. The invdrdesoslope indicates the on-state
resistance of the device. At some point duringréwerse bias, the device switches off,
indicating the reset/erase voltage. The off-staséstance of the device is given by the

inverse slope of the red graph.
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Figure 24.  Bipolar resistive switching in RCBM: (1)a negative bias is applied
and the device remains in the OFF-state; (2) as th®as increases positively, it
eventually reaches V; (3) device switches to ON-state and the currens limited by
CC; (4) as the bias approaches 0, an ohmic relatiship occurs; (5) when the
negative bias reaches M, the device switches off [68]

Reduction-Oxidation Mechanisms in RCBM

The present devices are called redox conductivigbnmemory because the
bridge formation occurs through the oxidation agdiuction of the metallic ions. The
evolution of the bridge growth in a RCBM device &&®n a Ag-chalcogenide glass-W
stack is illustrated in Figure 25. During the iaitiorward bias, shown in Figure 25 (i),

the anodic atoms (Ag) experience oxidation (i.g |@ses electrons and forms positively
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charged ions). The positively charged ions migraieards the negatively charged
cathode (Figure 25 (ii)). With increasing forwatidd) the ions saturate the electrolyte
region nearest to the cathode. Nucleation of the axcurs at the cathode (Figure 25
(ii)) and the ions experience reductions in tleeidation states (i.e., gain electrons) due
to the negative charge of the cathode. The filargemtth continues in this manner with

increasing forward bias, until the conductive bedg complete (Figure 25 (iv)).
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Ag> Agt+e Agt+e > Ag
Anodic dissolution Migration/oversaturation Nucleation/growth Filament Formation

(i) (ii) (iii) (iv)

Figure 25.  Oxidation-reduction bridge forming process during forward bias [69]

The device can be reset through the reverse diritige formation process. In the
reverse bias mode, a negative voltage bias isepmithe electrochemically active (Ag)
electrode while a positive voltage bias is appte@the electrochemically inert electrode.
The reverse bias causes the oxidation of atomstmaprise the conductive bridge,
resulting in the formation of ions. These newlynfied ions drift towards the
electrochemically active electrode, dissolving lthielge, where they become reduced at
the electrode interface. Disruption of the conducbiridge returns the memory device to

its original high resistive state.
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The bridge formation and bridge dissolution proessnable the selection
between a low or high resistive state. The state@flevice is maintained after the
withdrawal of the voltage bias. This qualifies RCEBlgvices as a form of nonvolatile
memory.

The storage state of the device is determined plymg a small bias (read
voltage) and simultaneously measuring the curiémt. amount of resistance, and
therefore the resistive state, is easily calculatgdg the current-voltage relationship of

Ohm’s Law, shown in the following equation.

R=V/I (10)

Since the read bias is significantly smaller tHamwrite bias and erase bias, the
device can maintain its storage state even afiaglyead, making RCBM advantageous
over ferroelectric memory. The major advantage ©BRI over PCM is the considerably
lower power consumption, which is always a congerour increasingly energy-

conscious society. Other advantages of RCBM incfadter write and erase times

(=50 ns) and a high potential in scalability [67].
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CHAPTER 5: EXPERIMENTAL PROCEDURE

So far, different forms of radiation have been désed, as well as their effects on
chalcogenide glasses. Electromagnetic radiatiorghwik indirectly ionizing, can cause
photodarkening/photobleaching, structural modifargtand electron-hole pair
generation. Electron beam radiation, which is diygonizing, can also cause these
effects in addition to charging and structural reagements. Electromagnetic radiation
influences the conductivity of Ag-containing chajemide glasses through
photodiffusion. These photodiffused films are higapplicable as an active medium in
redox conductive bridge memory (RCBM). Since radiapromotes the diffusion of Ag
in chalcogenide glasses, the exposure of &&g.x based RCBM devices to radiation is
expected to change the device performance parasneter

In this work, various studies on (&8 o0« films were conducted in order to fully
characterize their behavior in the presence ofitamh. Following material
characterization studies, RCBM devices were fabettasing Gg5e oo« films as the
active medium through which the conductive bridgerfs. The performances of the
RCBM devices were characterized before and afthatian exposure. The following
chapter describes the film and device fabricati@hmds as well as the characterization

methods, and experimental conditions used througheuexperimental studies.
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Film Fabrication

Amorphous Gg5e g« Films

Structural characterization studies due to thecesfef x-rays and electron beam
were conducted on thermally deposited bare filnte amp-type Si wafer substrates with
a 200 nm thick thermally grown wet-Si@sulator. The low partial pressure of Ge
relative to Se caused a faster deposition rateinfBerefore, bulk glasses of the desired
film compositions were placed into a tungsten (Wicible with a semi-Knudsen cell
design, illustrated in Figure 26. The semi-Knudselhequalized the pressure so that the
deposition rates of Ge and Se atoms were equahandeposited film compositions were
close to that of the bulk glass.

The films were deposited using a Cressington 30&Raration system at
pressure of 1xI®mbar. The deposition rates of the films were naei using a 6 MHz
guartz crystal resonator. The substrate was pldicedtly above the crucible and slowly
rotated to ensure uniform distribution of the filhickness across the substrate. The films
were deposited at a rate of ~3 nm/min. The thickee®sf the films used for the material

characterization studies were 75 nm for these bdaation studies.
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Figure 26. Design of semi-Knudsen cell crucible uddor thermal evaporation of
amorphous Ge&Se o« films; the mesh pattern of the cover equalizes thpartial
pressures of Ge and Se in order to achieve idealnfi compositions

Material characterization studies on the visibygtiinduced effects were

conducted on films thermally deposited onto Inditim-Oxide (ITO) coated microscope
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slides. These studies required the use of a tramspsubstrate in order to monitor the
transparency of the films. Deposition of films tbese studies was conducted in the same
manner with the same equipment; however, these fibere 1.0 um in thickness.

Ag Source Formation

Figure 27.  Shadow mask utilized in formation of themally deposited Ag sources;
white dots were sealed so only a single row of Agtd were deposited (shown in
green)

Studies characterizing Ag diffusion and the subsatdiffusion products were
conducted on a-G8ea o« films with a circular Ag source. The a-(&& oo« film was
deposited using thermal evaporation per the prodessribed previously. Ag was
deposited using the same method; however, Ag pebidee placed into an open
tantalum (Ta) crucible, rather than the W semi-Ksardcell used for chalcogenides. The
formation of the Ag source was achieved throughugeof a shadow mask, which is
illustrated in Figure 27. After deposition of the dm thick chalcogenide film, the
shadow mask was placed atop the thermally depositedSubsequently, 100 nm of Ag
was thermally deposited onto the chalcogenide fillve resulting Ag source dots were 2
mm in diameter with 1 mm spacing between. A simgie of Ag source dots were
deposited, as indicated by the green dots. Thesvdaits represent locations where the
silver was prevented from depositing onto the atgéaide film. This mask was used in

order to provide a large distance of Ag diffusiarone direction (towards the white
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circles), allowing the freedom to study a rangeagliation doses and different types of
radiation.
RCBM Device Fabrication
The fabricated RCBM devices were based on a W(S6&® /Ag vertical stack,

in which W was the electrochemically inert elecpd-GgSe oo.x Was the medium in
which the conductive bridge could form, and Ag whas electrochemically active
electrode, which provided the ions for the formatod the conductive bridge. The
fabrication of these devices involved nine proggsgsieps, including three
photolithography steps, all of which are outlinedidov and illustrated in Figure 28, with
specific details to follow.

1. Sputtering of W electrode and Si@evice isolation layers

2. 1% photolithography step (via formation)

3. Wet etch of SiQforming the via

4. Thermal evaporation of G8egoxand Ag

5. Ag photo diffusion

6. 2" photolithography step (Ag electrode)

7. Thermal evaporation of Ag for the electrode

8. 3" photolithography step (W electrode)

9. Wet etch SiQforming the W electrode
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Figure 28.  Process flow for W/a-Gg&e go.,/Ag RCBM devices
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Substrate Preparation

The RCBM devices were fabricated on a 4-inch, 380thick, boron doped (p-
type), single-side polished Si wafer with <100>eatation. Initially, a 200 nm insulating
layer between the device and substrate was forhreddh the wet-oxidation process.
This and all subsequent photolithography and watiet) processes were performed in a
Class 1000 cleanroom.

Sputtering of W and Field Isolation SiO

The electrochemically inert W electrode is locaaethe bottom of the device
stack. In the fabricated RCBM devices, all W eledés are electrically shorted together
through a continuous W film. The W film was depediusing an AJA Orion 5 Sputter
Machine (Model No. ATC ORION 5 Sputtering Systed).sputtered materials were
deposited at a vacuum pressure of 6Xfrbar. Deposition of the W layer was achieved
using a DC input power of 200 W at a depositioe @ft1.20 A/second. Immediately
following W deposition, a 100 nm layer of insul&@iBiO, was sputtered onto the
substrate. The Sivas deposited using an RF power source, in ocdavaid charge
build up on the target, at a rate of 0.66 A/secmdltiple guns within the sputter tool
allow for consecutive film deposition without bréadsthe chamber vacuum, eliminating
interlayer contaminants.

Photolithography

All three photolithography steps follow the sameipe. The 1 photolithography
step, in the device formation, exposes small aretiee SiQ layer, which will later be
etched to form the device vias. This procedureblegn optimized specifically for the

fabrication of these RCBM devices, and is summdringhe flowchart of Figure 29.
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Step (a), which is not applicable to tHéphotolithography step, requires heating the
1165 Microposit Remover to 65 °C, in order to remtive photoresist from the previous
photolithography step. The wafer was placed iheogolution for 2 minutes, with
continuous agitation in order to avoid photoresstieposition. In Step (b), about 5 ml
Hexamethyldisilazane (HMDS), which improves phostseadhesion and aids the liftoff
process, was applied to the wafer. Following tthie,wafer was spun using a Headway
Spin Coater (Model: PWM 32-PS-R 790) at 5000 rpnBt® seconds to evenly distribute
the HMDS. In Step (c), 15 ml of SPR 220 3.0 phedat was applied to the wafer and
spun at 6000 rpm for 35 seconds. Step (d) was-axpesure bake of the photoresist at
115 °C for 90 seconds, which removes excess meiftom the photoresist. The
photoresist was exposed to high intensity UV li@#mWw/cnf) for 9 seconds using a
Quintel Contact Aligner (Model: Q-4000). Finalljet wafer was submerged in the
MF26A developer for 90 seconds, completing the glitbbgraphy process and

producing a patterned wafer.

(a) Remove PR using 1165
microposit stripper at 65°C >
for 2 min

(b) Spin Coating (c) Spin Coating wafer
wafer with HMDS “|  with SPR 220 PR

(f) Develop PR in
> MF26A for 90
seconds

(d) Soft-bake PR at 115 °C | (e) MaskAllignment and
for 90 seconds | UV exposure for 9 seconds

Figure 29. Photolithography process developed for @M devices using SPR 220
photoresist
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Wet Etching of SiQ

Wet etching of Si@Qwas performed twice, with the same procedurdjisndevice
fabrication process: first to form the via and setto expose the W pad. Etching of $iO
was achieved using 20:1 Buffered Oxide Etch (BOE)ch was a solution of 20 parts
Ammonium Fluoride to 1 part Hydrofluoric acid. Tath rate of SiQwas 8 A/second.
Correspondingly, the wafer was submerged in thieagiicfor 2 minutes to remove 100
nm of SiQ. After the first etching step, a cross-sectionalwof the device will be
similar to the illustration in Figure 28c.

Thermal Evaporation of Ge-Se Active Layer

After the via was formed, it was filled with 75 roha-Ge&Se oo thin film, as
illustrated in Figure 28d, using thermal evaporatid/ithout breaking vacuum, a small
15 nm layer of Ag was deposited over the chalcatgefiim. The process of thermal
evaporation was described in a previous sectiogggd). The deposition of Ag at this
stage is an important detail critical to the dea@nation. Chalcogenide glass will
dissolve in a basic solution (i.e., the MF26A depelr). Consequently, a thin protective
Ag layer over the chalcogenide film prevents itssdiution during the subsequent
photolithography steps.

Following the deposition of the thin Ag layer, tAg was photodiffused into the
chalcogenide filled via using a UV light sourcelwén intensity of 1.5 W/ctThe
reasoning for this is two-fold. First, the photddged Ag increases the strength of the
chalcogenide against dissolution in the develapecond, photodiffusion of Ag greatly

increases the reliability and endurance of thead=vj70].
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Ag Pad and W Pad Formation

The remaining process steps are a combinationogegses that have already
been described in detail. After the via was fileith the chalcogenide and Ag thin films,
the formation of the Ag pad, which will act as #lectrochemically active anode was the
next process step. Formation of the Ag pad wakteil by the 2 photolithography step
using the second mask for Ag pad formation. Siwas thermally deposited over the
patterned photoresist with thickness of 100 nmyf@g8g). Next, the final
photolithography step begins with lift-off, revesdithe fully formed Ag anode (Figure
28h). After the 3 photolithographic process, openings in the phetstéayer (Figure
28j) provided access to the Sifayer. The SiQwas etched, revealing the underlying W
film that forms the electrochemically inert cathodie final fabrication step was to
remove the remaining photoresist. The resultingsisectional view of the device
structure is illustrated in Figure 28m.

Film Characterization Methods

Thermally deposited bare and silver source comntgifilms were characterized
using various methods including Raman spectrosdepgrgy Dispersive Spectroscopy
(EDS), and X-ray Diffraction (XRD). The scientifi@lue and settings of these methods
are described in this section.

Raman Spectroscopy

The amorphous nature of the Ge-Se films createg smertainty in the
structural organization the network. Raman specteg studies provide valuable
information regarding the presence of various stmes within the film as well as the

manner in which these structures react in the presef an external force (i.e.,
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radiation). Raman spectroscopy studies were coadugting a Horiba Jobin Yvon
T6400 triple monochromator with liquid-nitrogen-¢éed multichannel coupled-charge-
device (CCD) detector. Films were excited with 4.5Inm green laser with power of
90 mW. Measurements were conducted at a tempemitd@) K and pressure of

10° Torr to avoid photoinduced changes in the stutlietby the laser light. Each
Raman spectrum was acquired over a period of 1&ihsks with multiplicity of 3 in
order to eliminate noise observed in the spectAuiditionally, since the distribution of
structural units may vary throughout a single sanplultiple spectroscopy
measurements were taken at various locations ogatimple in order to obtain an
accurate representation of each film.

The experimental Raman spectra were fitted withstira of multiple Gaussian
distributions centered at specific wavenumbersgciviesorrespond to the vibrational
modes of the various structures. The Gaussian pesikons of each structure within
chalcogenide glasses have been previously detedrtineugh modeling studies [71, 72].
Further descriptions of these vibrational modegpao®ided with the presentation of the
Raman data. Prior to fitting the Gaussian curvashepectrum was fitted to a baseline
and normalized to an intensity of 1.0 ascribechtodorner-shared peak height, which
isolates the characteristic vibrational modes amhis comparison between spectra.
The relative quantities of the structures obsearedascertained through comparison of
the integrated areas of the Gaussian distributions.

Enerqgy Dispersive Spectroscopy (EDS)

The exact compositions of the Ge-Se films have lbie¢armined through Energy

Dispersive Spectroscopy. Due to errors inherettiérthermal evaporation process, the
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composition of a deposited film is not equivalenthat of the source bulk glass. The
exact composition of a film is valuable informatiwhen characterizing any of its
properties. Therefore, EDS studies are necessagvésy film that is characterized.
Energy Dispersive Spectroscopy was conducted wshiigachi S-3400N 1l Scanning
Electron Microscope with an Oxford Instruments Ejyer EDS system. These
measurements were conducted at working distant® ofm and 2000x magnification
with a 90 second collection time. Each sample waasured at five different locations to
obtain an accurate average and standard deviation.

Additionally, mapping profiles of Ag diffusion iftné Ge-Se films were obtained
using the same equipment. The mapping of Ag difiusvas performed on a-(&8 oo«
films with a thermally deposited circular Ag souradnich was previously described (see
page 48). The mapping profile is a compilation @25 frames. Each frame was
measured with an accumulation time of 90 secondsaadrking distance of 10 mm,
achieving an appropriate contrast level (0-10 eabytcounts). The resulting diffusion
profile provides an insight into the diffusion rateAg with radiation exposure.

X-ray Diffraction (XRD)

Silver bonding with chalcogen elements resulthianformation of crystalline
structures, which can be measured through x-rdsadtfon (XRD). The XRD patterns of
the diffused Ag were measured using a Bruker AXSIx®over X-ray Diffractometer
equipped with a Nal(Tl) scintillation detector a@d-K, x-ray sourceX =0.1506 nm).
The XRD Commander software was utilized in lockedged scan mode witl92
ranging from 15° to 90° (0.05° step size and 1cdsds/step). The resulting XRD

patterns contained spikes in the intensity at $jge2fh values, which correspond to the
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particular molecular compounds and phases presémnnhvwhe film. Accordingly, a
perfectly amorphous film will provide an XRD patterith an overall low intensity and
no spikes.
Device Characterization Method

A major factor in the competition for the next geat®n memory solution is the
endurance of the device. The current leader in mgteahnology (i.e., Flash) is required
to withstand at least a0 switching cycles. Therefore, determining the effeaf
radiation on the endurance of the proposed dewidemdicate if they are a viable
candidate for the next generation memory solutioradiation-prone environments.

The fabricated a-G8egox based RCBM devices were characterized using an HP
4146 parameter analyzer. The probe station usedefioce characterization was
equipped with gold probes and a Faraday cage, watated it from external sources of
noise and diminished charge buildup within the rmgag cables. The devices were
characterized with a DC voltage bias sweep, ranfyjorg -0.75 to 2.0 V across the W
and Ag electrodes, while simultaneously recordimgdurrent. In order to achieve
10° switching cycles within a reasonable amount o&timsignal generator was utilized
in addition to the parameter analyzer. The sigeakgator was programmed to supply a
square waveform with a minimum of -0.75V, a maximoin2.0V, and a period of 5 ms.
The signal generator was interrupted at severadiduring the testing, in order to record
the current-voltage characteristics at variouses/cThe current-voltage characteristics
obtained during the endurance testing were analgndderformance indicators, such as
write voltage, erase voltage, on-state resistaame off-state resistance, were extracted to

characterize the devices.
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CHAPTER 6: INFLUENCE OF SUB-BANDGAP LIGHT

ON CHALCOGENIDE GLASS

Before studying the effects of ionizing radiatioreothe Ge-Se glasses,
experiments were conducted using low energy phdtasible light). The nature of the
effects under such radiation is, to a great exteell, defined and understood. The
motivation for this experiment was to bear knowkedigm these types of effects and
apply it to the unexplored subject of ionizing &dn.

The effects of low energy photons on a:&&q0.« films were studied for the
compositions of Gg ;Ser 5 G .1S67.6 and GeysSey s Insight into the origin of
transient and metastable sub-bandgap light-indatfedts in a-Gg5e poxSystemsacross
the glass forming region are presented furthehisd¢hapter. The crossover from
transient photobleaching (PB) in compositions ckos&eSe to the mixture of both
transient photodarkening (PD) and metastable RBdrGe-rich composition was
experimentally observed with the two-laser bearhrigqe.

Radiation Exposure Conditions

The photo-induced changes in the films were obskbyethe two-laser beam
transmittance method [38]. In this method, a loteisity 0.29 mW/crh'‘probing’ laser
diode with a wavelength of 655 nm (above the alismr@dge) was continuously used to
monitor changes in the transmittance §fyl a high-intensity 200 mW/étpumping’

laser, emitting light with a wavelength of 405 nmas employed to produce PD/PB
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effects. The pumping laser operated in an on/ofichiwng cycle, in which the on-period
is also called the pumping period and the off-pergocalled the rest period. The total
time of one pumping and rest cycle was 800 secamdbthe total accumulation time was
4,800 seconds. Both beams were focused on the a@a®f the sample, with the pump
completely overlapping probe light. The samplesenaeasured under atmospheric
pressure and room temperature conditions. As dtreslative changes in the
transmittance T/Jas a function of time were calculated.
Results

Transparency and Raman spectroscopy measuremeetperéormed to
characterize the photoinduced effects. The traesggrmeasurements for §ggSe;p g are
shown in Figure 30. Additionally, the measurememtisansparency for the GaSes7.o

and Gegg 556505 compositions are presented in Figure 31.
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Figure 30.  Time evolution of Geg Se s film transparency showing transient
photobleaching (increased T/To during pumping cycle and returning to original
state during rest cycles)

The transparency measurements demonstrate a diféene the photo-induced

effects that are observed for axSeogoxglasses depending on the compositional
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variation. There is a critical Ge concentrationjakihis essentidior the regarded
processes. It was determined to be around 30%owBthlis content, for x=29.2% only,

the transient effect was present, above it, ford324% and x = 39.5%, metastable effects
emerged. Therefore, when £eSeswas illuminated with the pumping beam, its
relative transmittance rapidly increased by 3% satdrated, as seen in Figure 30. During
the following rest period, transmittance revertadkto 1.0 and the effect dissipated.

After continued on/off cycling, this behavior remad unchanged.
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Figure 31.  Time evolution of Ge; 1S&7.q and Geyg sSeso s film transparency
showing transient photodarkening (decreased transpancy) and metastable
photobleaching (permanently increased transparency)

Films exceeding the critical Ge concentration destrated a combination of
transient photodarkening (during the pump perioa) metastable photobleaching
(during the rest period) effects, as illustratedrigure 31. Furthermore, increasing the Ge
content in the films increased the magnitude ohlicnsient and metastable changes. In
the case of Gg1Se&7 .o a decrease in the transmittance by 2.5% was wdx$epon light
irradiation. During the resting period, a rapidregse in the transparency was observed.

In fact, a 0.9% increase in transmittance was ofeskimplying the effects of PB.
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Gradual increases in the PB were observed withyeswgitching cycle, resulting in an
increase in the transmittance by 1.5% after fitaltoycles. A similar trend of crossover
from transient PD to metastable PB was seen ilGtgsSe;0 scomposition, with a more
pronounced magnitude of the effect. Thus, overaliastable PB attained a 7% increase

in the transmittance above the initial level.
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Figure 32.  Raman spectra of films before and aftelight exposure: a) Geg ;Sero s,
b) Ges2.1Ses7.0 C) GeosSas05

Structural changes in a-(&@#8 00« films exposed to sub-bandgap light were
characterized using Raman Spectroscopy. The Rapeatra of films before and after
light exposure are displayed for all compositiam&igure 32a, b, and c. The Raman
spectra verify the presence of four different e units: ethane-like bonding (ETH)

structures (SeGe-Ge-Sg) average vibrational mode at 175 tnsorner-sharing (CS)
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tetrahedral structures (Ge-Se-Ge) average vibmtimode at 195 cth edge-sharing

(ES) tetrahedral structures at 213'4ifi3-76], Se-Se chains and rings are present at 265
cm?[77, 78], and the final band that is observed mRaman spectra at 307 tris
attributed to the asymmetric vibration of the sadge-shared tetrahedral previously

mentioned [78-80].
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Figure 33.  Structural changes observed from Ramarpgctra: a) ratio of ES areal
intensity to CS areal intensity, b) areal intensityof Se-Se chains, and c) areal
intensity of ETH structures
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Deconvolution of the Raman spectra reveals changie relative quantities of
the ES, CS, Se-Se, and ETH structural units. Tificgmation, presented in Figure 33a, b,
and c, is obtained by integrating each of theditBaussian curves to calculate to total
area of each curve. According to Raman analysiBeoGgg sSey s films, the ES/CS ratio
increased from 0.42 to 0.91. The concentrationTdfl Bnd Se-Se structures decreased

from 9.8 to 7.9 and from 14.6 to 10.2, respectivBlggligible changes in the structural
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units were detected in the films with lower Ge emit Any of the observed changes are
within the error of the Raman measuring system.
Discussion

First, the changes observed in the films of contpms Geg ,Sensand
Ges,.1Se57 9 are considered. The variety of these effects tridwated to the high
flexibility of the glassy matrix due to the high 8encentration, which becomes more and
more restricted with increasing Ge content. Theilfiéity of the glasses in this
concentration region and the dominance of Se i toenposition suggest that the
photo-excitation clearly follows the pathway wetidwn in a-Se, namely it involves the
lone pair electrons of Se atoms [81]. Because®fltppiness of the system in this
composition, one could also expect some structirahges like flipping of the Se chains
or intermolecular reactions like changes to thedanWaals distances due to Coulomb
interactions of created defects at light illumipatiHowever, their experimental
identification is difficult. On the other hand, tbeanges in the transmittance of the
Gesz.1Se7. 9 suggests that due to the slightly higher Ge cdnietinese films, in materials
with Ge content greater than 30%, the early stagesaterial modifications emerge,
leading to the rise of the PB with increasing lightmination.

For the Gey sSes0 5 film composition, the experimental data demonsteat
mixture of the transient PD and metastable PB tfféat was also reported by other
research groups [38]. The Raman analysis provide® snsight into the metastable
changes: the homo-polar bonds, i.e. ETH and Se+8eonverted into the tetrahedral
Ge-Se bonding. Theghoto-excitation in the GesSe;o s System is found to induce

breakage of the Ge-Ge chains and as a result naarglidg bonds at the Ge atoms are



64

generated. Because of deficiency of the lone paies at the Se atoms, the dangling
bonds cannot be saturated. Therefore, the defgteissappear in the band gap causing the
band gap shrinkage by ~0.2 eV, which manifesthénttansient PD effect during the

light exposure. The increase in PD amplitude wittwgng Ge content is related to

further suppression of the concentration of théo8e pair states.

In the post-excitation regime, we observe an agpear of the newly formed
heteropolar CS and ES bonds and a subsequentimdurcthe homopolar ETH and Se-
Se bonds. The heteropolar bonds are more eneidfyefazored compared to the
homopolar ones [82]. The increase in ES/CS ratth wisimultaneous decrease in ETH
and Se-Se structures suggest that large quartfti®s-Ge bonds and corresponding Se-
Se bonds are broken and converted predominanigttetrahedral units as a result of
relaxation in the post-light-exposed period. Theersibility of the PB effect also
supports the hypothesis that its nature is mairynation of structural reorganization
and not of oxidation.

Conclusion

Photo-induced changes in && oo« films were experimentally studied by the
two-laser beam technique, where a high powered Veae used to produce
photodarkening (PD)/photobleaching (PB) and opdraten on/off regime with a period
of 800 sec. A weak-power laser with a higher wawgtle light was continuously used to
monitor the changes in the sample transmittancetd@arkening (red shift of the
absorption edge) and photobleaching (blue shifthefabsorption edge) were observed in
the different film compositions: reversible PB oB,63» Se g reversible PD on Gg;

Se7.6 Which diminished after the optical excitation wamoved. Additionally, a
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combination of the reversible PD and irreversildBd¥ects was observed in ¢eSes s

It can be stated that the selenium atom influettoe$’D effects with corresponding
mechanisms, similar to the results reported in &3, Raman spectroscopy was
performed to collect data about the structural gearaccompanying the optical effects.
The photobleaching is a result of light-induced dbtmansformation from homo-Ge-Ge,
Se-Se to hetero-Ge-Se bonds. On the contraryetteesible effects are related to the
formation of defects, corresponding to the occureenf lone-pair electrons on the
chalcogen atoms. This experiment proved that mdiwith a high Se concentration, the
PD effect is governed by the presence of loneglattrons associated with Se. In films
with a higher Ge concentration, related effectaiocthat is to say, the concentration of
the chalcogen element and the presence of thepamelectrons govern the effects that

appear, and the rigidity of the structure is okaamdary importance.



66

CHAPTER 7: X-RAY INDUCED EFFECTS IN THIN Ge-Se FILM

AND RCBM DEVICES

Similar to visible light, x-rays are electromagueetiaves that affect the
chalcogenide glass films and the RCBM devices aaintg such films in an analogous
way. The effects of x-rays on a-{&® g0« thin films and a-Ggea oo« films in contact
with an Ag source were studied. Results from tistgdies were then related to the

performances of RCBM devices after x-ray exposure.

Radiation Exposure Conditions

Figure 34.  Experimental setup of x-ray irradiation

X-ray irradiation experiments were conducted orrakBr AXS D8 Discover X-
Ray Diffractometer with Cu #; radiation £=1.5406 A) functioning as a source of x-
rays. The x-ray beam was configured in parallehbgaometry after passing through a
Gobel mirror. The beam intensity was 8.7%&6unts per second using an accelerating

voltage of 40 kV and electron beam current of 40. fide dimensions of the beam were
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6 mm in height and ~4 in wide. The sample holdes alegned to the edge of the
motorized stage. The motorized stage itself waseddw the closest position to the beam
exit (x at position 40). The setup is shown in FggB4. The precise location of the
irradiated area was observed by using a florequaper. The dose rate in this set-up was
determined experimentally to be 6.0 krad/hour usilRADFET device. The samples that
were studied included 100 nm asSe oo films (see page 47), 100 nm axSe go films
in contact with a Ag source (see page 48), and RGBWces (see page 49).
Film Characterization

Structural changes in a-&#8 o flms were characterized using Raman
Spectroscopy. The Raman spectra of three difféilerd (x=22.6, 32.4, 44.4) were
measured after being exposed to five different sledex-rays (0, 12, 24, 36, and 60
krad). The Raman spectra of films exposed to O kratl60 krad for Gg¢Se7 .4,
Gesz.sSe7.6 and Gey sSes 6 are displayed in Figure 35a, b, and c, respegtividie
Raman spectra verify the presence of four diffesgnictural units: ethane-like bonding
(ETH) structures (SeGe-Ge-Sg) average vibrational mode at 178 tneorner-sharing
(CS) tetrahedral structures (Ge-Se-Ge) averagatiiimal mode at 200 ¢t edge-
sharing (ES) tetrahedral structures at 216 [#8-76], and Se-Se chains and rings are
present at 270 cif{77, 78]. The final band that is observed in ther@a spectra is
attributed to the asymmetric average vibratiorhefédge-shared tetrahedral at 308'cm
[78-80].

Deconvolution of the Raman spectra provides inféioneon the relative
guantities of each of the structures within theél This data, as a function of the

radiation dose, is presented in Figure 36. The gbsum the ratio of edge-sharing
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tetrahedra to corner-sharing tetrahedra are grajphieigure 36a. In the range from O to
24 krad, the ES/CS ratio of the £65e7.4and Ggy.4Se;s 6 films follow a similar trend
with x-ray exposure. In the same dose range, velgtno changes were observed in the

Ges Se76 ES/CS ratio.
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Figure 35.  Raman spectra of x-ray control and high& dose (60 krad) exposed
films for a) Gez2.65€/7.4 b) Ge2.4S&7.6 and ¢) Gas.sSes e

For the Ge 6Se7.4and Gy sSess ¢ films, the radiation effects are characterized
with both a decrease in the ES/CS ratio and, acuglyd a decrease in the Se-Se chains.
Between 24 and 36 krad, both £z65€/7 4 and Gg4 4sSe;s sexperienced an increase in the

ES/CS ratios and Se-Se chains. At radiation ovéer8é, both of the films demonstrated
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decreasing ES/CS ratios again and the, ¢5®s ¢ film exhibited a corresponding
decrease in the Se-Se chains. Only thg, &5 6 films illustrated the presence of
enough ETH structures to be registered in the clittuay. In the Gg4.4Sess 6 films,
increasing the radiation dose from 0 to 36 kradlted in the increase in ETH structures,

and their amount remained constant at radiationeB6 krad.
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Figure 36.  Areas of Gaussian curves fitted to Ramaspectra: a) ratio of areas of
ES curves to areas of CS curves, b) Areas of Se{&nd curves, and c) Areas of
ETH band curves
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The products of Ag diffusion in G8eox (Ag.Se and AgGeSe) cannot be
observed through Raman spectroscopy. Thereforg@résence of these compounds was
detected by X-ray diffraction (XRD). XRD measurertseprovided information on the
molecular compounds formed after Ag introductiohe XRD patterns of GggSer4.4,
Gess..5653.8 and Ggy 5Sess 7 films with a silver source are shown in Figure 3ec,
respectively. In the GeggSe 4 4film, B-phase AgSe was observed a#233° in the
control sample as well as after 12 krad and 24 kfadray exposure [85]. No changes
were observed in the XRD pattern ofdgsSess s film; however, in the Ga sSes 7 film,

formation ofp-Ag.Se was observed after 24 krad of x-ray exposure.
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Figure 37.  XRD patterns of films with Ag source expsed to x-rays show
development off-Ag.Se a) Gegs ¢Se4.4 b) Gess Saszs and ¢) Gas 356557
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RCBM Device Performance

Redox Conductive Bridge Memory (RCBM) devices basedhree different
compositions of G&ea oo (Xx=24.8, 36.2, and 44.3) were tested for their IV
characteristics and endurance before and aftey exposure. Each device endured a
minimum of 16 switching cycles. Figure 38 illustrates the curtiugadistributions of the
write voltage (M), erase voltage @), On-State Resistance (LRS), and Off-State
Resistance (HRS) for the three different compasitlevices before and after irradiation.

The general trend of the HRS values across all ositipns appears to be
decreasing with increasing Ge content. Acrossadbedexposures, the HRS values of the
Ge, sSerso devices appeared to be the highest. Corresponlitngl Ge, sSe;s » devices
also had the largest standard deviation in HRS¢hvban be seen by the wide
distribution in Figure 38b. The\ across all compositions appear to be relativelgel
in values, with the exception of one outlier inz6Se53s

The median value of a cumulative distribution is #alue at which the
cumulative probability is 50%. Mostly non-linearactges were observed in the median
V1 of the devices with x-ray exposure. In the{z8es > devices, W, changed from
0.75V to 1.02 to 0.72 for the control, 12.0 kradd 24.0 krad doses, respectively.
Median V4, in the Ggs ;Ses3 s devices originally increased from 0.24 V to 1.&fver

12.0 krad exposure, then decreased back to 0.2&el24.0 krad of exposure.
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Since the changes in thanfrom the control devices to both 12 krad and 2blkr
exposed devices are less than 0.5 V and nonlingardese, variations in 3 are also
considered to result from differences inherenhmdevices, rather than resulting from
radiation exposure. One device with compositioGefs ;Se;3 s (12 krad) demonstrated a
much larger \, relative to all other devices in the same compmsias well as in the
other compositions. This large difference if,¥6 considered to be an artifact of
variations in the device fabrication process.

Looking more closely at changes observed in eantposition with x-ray
exposure, the performances of.4#5e52 and Ge, 3Sess 7 based RCBM devices both
demonstrated an increase in the median HRS froraahiol dose, 0 krad, to 12.0 krad.
The median HRS of GggSess .devices increased from 2.13%10 to 7.78x16 Q
(Figure 38b), and that of the GgSess ;devices increased from 1.08X10 to
3.84x1G Q (Figure 38f), after 12.0 krad of irradiation. TBeys $Sers.» and Ges Ses 7
devices also demonstrated a further, albeit simalease in the median HRS values to
1.13x16 Q and 5.91x19Q, respectively.

The memory window of a RCBM device is the differeme resistance between
HRS and LRS. The median memory windows for eaclicdecorresponding to the
exposure dose, are presented in Figure 39. Thes®®s , devices demonstrated the
largest memory before irradiation, as well as #rgdst increase after irradiation. The
memory windows of Gg 3Se;s 7 devices also demonstrated a linear increase with

irradiation, while that of the Gg,Se;3 s devices appeared to remain relatively constant.
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Memory Window after X-ray Irradiation
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Figure 39.  Median memory windows for RCBM devicesxposed to x-rays

Med. Memory Window (Q)
I\

The endurance performance data (i.en Ve, LRS, and HRS) after various
switching cycles, ranging from $Q.0°, of the Ges §Ses - devices after 0, 12, and 24 krad
x-ray exposure are shown in Figure 40. The sangefdaiGegs ;Se;3 sdevices and
Geys 5S6s5 7 devices are shown in

Figure 41 and

Figure 42, respectively. The inset of each graph providesame data (i.e. 4V
and &, or LRS and HRS) after 2@witching cycles. These graphs demonstrate that al
compositions of devices were able to function aste§ switching cycles. After 12 krad
and 24 krad of x-ray exposure, all compositionthefRCBM devices maintained an

endurance of TGwitching cycles.
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Discussion

Raman spectroscopy studies on{z8e7 4 bare films reveal substantial structural
rearrangements in the form of decreased ES/CSatiea, between 0 to 24.0 krad
(Figure 36a). A decreased ES/CS ratio indicatestimversion from ES to CS
structures, ergo the collapse of voids within ttnectural network, as seen in Figure 43.
Density of the amorphous material increases wighréaluction of these voids, thereby
enhancing the material’s ability to resist leakageent. This in turn, will increase the
HRS of the device, since the off-state resistamckethe leakage current are inversely
proportional. The formation of CS structures, whieuires one more Se atom than ES
structures, within the network is supported bydbereasing amount of Se-Se chains

observed between 0 and 24.0 krad.

N

Figure 43.  Conversion of ES to CS structures withithe Ge-Se network
Reprinted with permission from[86] © 2011 American Chemical Society

XRD measurements on films of composition,638€4 4 adjacent to a Ag source
reveal the presence pfAg.Se in the control and x-ray exposed samples. Tésepce of
B-Ag.Se in the control sample is due to the low packiagtion of the structural
network, in addition to the affinity of Ag atomstlee Se chains. A previous study found
the packing fraction GesSe4 410 be relatively low compared to that of €635 as

can be seen in Figure 44. Therefore, during th@sigpn process, the energetic Ag
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atoms can easily diffuse through the,£38e/4 4 matrix and bond with the abundantly

available Se atoms formirggAg.Se.
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Figure 44. Packing fraction of GgSe go-x

The structural changes observed from the Ramanmditate a destruction of
voids and an increase in the density of the netwbhnkse structural changes limit the
growth ofp-Ag.Se crystals, which is supported by the decreasitasity of the peak in
the XRD data of Figure 37a. Decreageflg,Se crystal sizes, in combination with the
destruction of voids within the network, led toreased HRS values in the RCBM
devices, which is seen in Figure 38b.

In the Gea,.4Se57 6 films, no significant structural changes were obsé from the
Raman spectra. The ES/CS ratio remained relatoeigtant, averaging at 0.3 (arbitrary
units). The lack of structural changes observedtigouted to the film composition,
Ges,.4S6e57.6 Which is in close proximity to the stoichiometdomposition (i.e., Ge3g).
In these films, the heteropolar bonds, which amrengfer than homopolar bonds, are

abundant and nearly saturated. Furthermore, XRi2noet (Figure 37b) of the
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Gess sSesz s films with an Ag source showed no development gncAntaining
compounds, which is justified by the limited amoahfree Se chains. In addition, the
packing fraction of Gg ;Ses3 gis relatively high (Figure 44), which also limitéae
amount of Ag diffusion in the films.

Considering the results obtained through Ramantsyssopy and XRD, the
radiation-induced changes in 56563 s devices are expected to be minimal. Indeed,
minimal changes were observed in thed38e;; s devices. The HRS increased initially,
from 5.70x16 Q in the control device, to 1.17x31Q in the 12.0 krad exposed device.
The Gegg Se3sdevice exposed to 24.0 krad of x-rays demonstrateldRS value of
6.47x16 Q, which is closer to the control than the 12.0 kilaslice. Therefore, the
observed changes are attributed to variationsdrighrication process rather than the
radiation.

Similar to the bare films studies on £365€/7 4, films of Gay 4sSe56 composition
demonstrated a decreased ES/CS ratio, in the doge from 0 to 24.0 krad. As
described previously, decreases in the ES/CSirapbes conversions from ES
structures to CS structures and collapse of voidea network. XRD patterns on
Geus 35655 7 films illustrate the emergence of thédg.Se phase after 24.0 krad.
Analogous to the XRD results on £3€5€e4 4 films, the development of tHeAg.Se
phase was hindered by the structural rearrangem&mntsilar to the Gg sSess » devices,
Geys 55655 7devices demonstrated increased HRS after 12.@49dkrad radiation. The
increased HRS is attributed to the structural ckargat caused the film to be more

resistant to leakage current.
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Conclusion

High energy x-ray photons affect the az&&o0.x films and therefore a-G8e 0o«
based RCBM devices in different manners dependmthe film compositions. Films
and devices based on the stoichiometric compositidbe Sg/, exhibited minimal
changes. Devices and films largely deviating friwa $toichiometric composition, either
Se rich or Se deficient, exhibited changes duerddliation. The films revealed decreases
in the voids of the network, which suppressed difin in the chalcogenide matrix.
Therefore, the devices deviating from the stoiclgtrin composition demonstrated
increased resistance, and as a result of thisseecememory window, with x-ray

exposure.
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CHAPTER 8: ELECTRON BEAM INDUCED EFFECTS IN THIN &8e FILMS

AND RCBM DEVICES

The effect of directly ionizing radiation was stediby observing the influence of
electron beam radiation on a+Ge oo« thin films. The results of these studies were used
to interpret the changes in performance of RCBMasy

Radiation Exposure Conditions

Irradiation experiments were conducted using a LIBQ0VP Scanning Electron
Microscope as an electron beam source. A voltage was applied across a tungsten
filament, which generated a large number of elestthat passed through an electric
field with an accelerating voltage of 30 kV. Thieeam of electrons was adjusted using
beam aligners and apertures creating a beam cufrémA directed at the films and
devices. These thin films and devices were pladechi from the base of the stage
where the electron beam diameter was 1.3 mm. Aqupdic of these various settings
generated an electron flux of 2.496 X“16lectrons per second. An image of the electron

irradiator is shown in Figure 45.

Figure 45.  Electron beam radiation system



Structural changes due to electron beam (e-beaadjation on a-G&e g« films

Film Characterization

(x=22.6, 26.1, 32.4, 42.2, as determined by ED&kwtudied using Raman

spectroscopy. Raman spectra are presented in Mgufrom the Raman spectra, four

characteristic structural units are observed: etHie bonding (ETH) structures average

vibrational mode at 176 cmcorner-sharing (CS) tetrahedral structures aeerag

vibrational mode at 198 cmedge-sharing (ES) tetrahedral structures at BI5#3-
76], and Se-Se chains and rings are present atr@8(77, 78], and the final band that is

observed in the Raman spectra is attributed taslgenmetric average vibration of the

edge-shared tetrahedral at 308™qi#8-80].
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Analysis of the areal intensity of the various Fea&rresponding to the different

structural units reveals a unique trend as a fanatf e-beam exposure. The graph of the
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ratio ES to CS structures (ES/CS), shown in Figrereveals a local minimum for each
composition film. This local minimum is most prommed in the Gg ;Se;7 g film.
Ethane-like structures were only detected in tighdi Ge-content films GgsSes7sand
GenSe75[73, 87, 88]. In both of these compositions, aggahincrease in the amount
of ETH structures, as illustrated in Figure 48, whserved with increasing e-beam dose
until a critical dose of 6.3x1brad, where a decrease in the amount of ETH strestu
was observed. From Figure 49, the amount of Seh8i@s increases, reaching a
maximum at 6.3x18 rad, followed by a decrease. Similar trends invibeational bands
of Se-Se chains were observed in the other filnosvéver, in these films, the maximum
of these chains shifts to higher radiation dosek decreasing Ge-content.

Lateral Ag diffusion in a-G&e g0« films containing silver sources exposed to
different e-beam radiation doses were measuredd$y iBapping. The total diffusion
distance of Ag, as determined through EDS mappatg,dor each composition is
summarized in Figure 50. The largest Ag diffusicaswbserved in GgeSers 41N the
range of the studied exposure dosess 644 and Ges :Se;3.s demonstrate a nearly
linear relationship between the diffusion distaand the radiation dose. In the
Ges 356557 sample, Ag diffusion was observed for the entidiation dose range
studied; however, the rate of Ag diffusion decreastethe critical dose of 6.3x{0ad,

indicating Ag saturation.
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Lateral Diffusion of Ag in a-Ge-Se
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Figure 50.  Lateral diffusion of Ag as determined thhough EDS mapping

Results of the EDS mapping of £5€5e/4 4are shown in Figure 51 a, b, and c.
Similarly, the results for Gg:Ses3 s and Ges 3Ses7are summarized in Figure 52a, b,
and c, and Figure 53 a, b, and c, respectively.cbh& scale below the map describes
the counts received by detector. The yellow andgeaolors indicate the highest counts
of silver, suggesting a large quantity of silvesras at the specific location while black

indicates the lowest amount of counts, which sigaithe inexistence of silver atoms.

- Silver -
Source

Silver
Diffusion

Figure 51. EDS mappihg of Ag diffusion in a-Gg; ¢Se/4.4a) Control,
b) 6.3x10" rad, and c) 10.5x14" rad
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Figure 52.  EDS mappihg of Ag diffusion in a-Gg; ;Se;3ga) Control,
b) 6.3x10" rad, and c) 10.5x14" rad
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Figure 53. EDS mapping of Ag diffusion in a-Gg, 35Ses7a) Control,
b) 6.3x10" rad, and c) 10.5x14" rad

The XRD patterns are presented in Figure 54, Figbreind Figure 56 for

GesSes.4 GesSass and Gey 3Sess 7, respectively. In each of the three compositions,
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the phase growth of both theAg,Se and AgGeSe phases was observed, as illustrated
in Figure 57 and Figure 58, respectively. Thag,Se phase was observed at238°
angle [85] and the AgseSe phase was observed &t =2 44°, which is identified by

JCPDS card 71-190.

Figure 54.
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From the XRD pattern, the grain size of each phasedetermined using the

Debye Scherrer equation ( 11) [89].

KA

L= B cos(0)

where L is the crystal size in nm, K is a shap¢oiathat depends on the crystal structure,

(11)

for cubic K=0.94)\ is the wavelength of the x-rays (for Cy-K=0.1506 nm), B is the

full width at half the maximum of the peak in ragsaand is the intensity of the peak.

In addition to these two phases, a third phasei# phase separated Ag is observed in

Geys Ses7at 2=61°, identified by JCPDS card 87-0598. Significgrdwth in the phase

separated Ag was observed with increasing radiatise.
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Figure 57.  Phase growth of superionic conducting-Ag,Se phase in three
different compositions
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RCBM Device Performance

RCBM devices based of three different compositionGegSe oo« (x=24.8, 36.2,
and 44.3) were tested for their IV characteristicd endurance before and after e-beam
exposure. Each device endured a minimum ofskdtching cycles. The cumulative
distributions of My, Ve, LRS, and HRS for all compositions of devicesarsmmarized
in Figure 60.

The endurance performance data (i.en, Ve, LRS, and HRS) after various
switching cycles, ranging from 1A.0°, of the Ge, sSess.» devices after 0, 2.1x1brad
(Dose 1), and 4.2xtbrad (Dose 2) e-beam exposure are presented ineFédu The
same data for Gg.Se;3 gsdevices and Gg3Se;s 7 devices are shown in Figure 62 and
Figure 63, respectively. The inset of each graplvides the same data (i.e ¥nd &,
or LRS and HRS) after 2Gwitching cycles.

The median HRS values of &gSes, originally show a miniscule decrease from
the control device (28.3x@) to the Dose 1 device (15.5X1Q), followed by a
substantial increase (82.7X1@) in the Dose 2 device. Similarly, the {56563 s device
also reveals an initial decrease in HRS from thetrebdevice (31.8x10Q) to the Dose
1 device (2.05x100), followed by a small increase in the Dose 2 deyit50x16). On
the other hand, the HRS values for theg®e;s 7 devices increase consistently. The
HRS values of GgsSes ;7 devices are 1.07xi@, 1.96 x16 Q, and 23.1 x19Q for the

control, Dose 1, and Dose 2 devices, respectively.
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Discussion

The RCBM devices exposed to e-beam radiation shanews reactions
depending on the interplay of growth in trédg,Se phase, growth in the &§eSe
phase, and changes in the structural units. AthefAg containing a-G8e g films
revealed growth in both the binaxyAg,Se and ternary AgeSe phases when exposed
to e-beam radiation.

However, the growth rate of the specific phase®ddg on the composition of
the film as well as the exposure dose. It is imgmarto note the preferential formation of
thea-Ag,Se, which is only stable at temperatures above’@3hstead oB-Ag,Se,
which is stable at room temperature. The formatioAg,Se in e-beam exposed films,
regardless of the compaosition, is attributed togresence of high and low pressure
regions resulting from radiation (see Chapter 8ctbn Beam Radiation). The binary
phase develops in these high pressure regionshvidrices the compound to form in its
closest packed structure, face-centered cubic (F@@jer than the orthorhombic
structure §-Ag.Se).

In the Ge4 8S€/5, devices, the median HRS decreases by a small dnmotine
first dose. The small presence of thAdg,Se phase, which is a superionic conductor, in
the control device explains low resistance in tteeipradiated device. Even at room
temperature, the solid electrolyieAg,Se significantly increases the ionic conductivity
of Ge-Se glasses [64, 90]. After the first doseadiation, proportional growth in both
thea-Ag,Se and AgGeSe phases are observed in the XRD patterns. Theisape
conducting properties of theAg,Se dominate the HRS value of the device after this

first dose. The XRD patterns show that additioadiation causes further growth in the
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ternary phase; however, the binary phase is unduaidue to the further development in
the ternary phase and lack thereof in the binagsphthe semiconducting properties of
the ternary phase govern the resistance of theeengsulting in a large increase of the
HRS.

The Ggs Se3sdevices reveal a large decrease in the HRS akirst dose of
radiation. This is attributed to the growth in bttt a-Ag,Se and AgGeSe phases as
determined by the XRD patterns. After’ Hvitching cycles, this device shows serious
degradation in the device performance and devit@dasoon thereafter. Further e-beam
radiation results in agglomeration@Ag,Se phase crystal to form larger crystals spaced
farther apart. The phase agglomeration in addtbahe spacing between these crystals
results in a higher HRS and decreasing variatiddR$ due to fewer conductive paths
for electrons.

The HRS values of the GgSe;s 7 devices demonstrate a large increase due to
radiation exposure. Additionally, large changethm structural units were also observed.
Virtually no change was observed in the HRS afierfirst dose of radiation. There
appears to be a threshold at the second dose wieegeowth rates of the binary and
ternary phases decrease. Additionally, the emesggeha phase-separated Ag was
observed from the XRD pattern. Furthermore, thedS3/atio increases dramatically.
These observations are related to one anotherinthease observed in the ES/CS ratio
results in the formation of voids and the openifithe structural network. Consequently,
incident electrons have a more direct path towtrdgreviously diffused Ag. Interaction
between incident electrons and Ag ionizes the Agat making them more mobile.

Additionally, charging at the interface between ftgelectrode and the a-GeSess ;



98

film creates an electric field. After 4.2xf0ad of e-beam radiation, the electric field
becomes strong enough to withdraw Ag ions from iwithe film. At the interface, Ag
agglomeration occurs, proved by the XRD patterns €ffect has been studied and
observed for chalcogenide glasses containing silyd¢éawaguchi and Maruno [91]. The
changes culminate in the significant increase efHRS after Dose 2.
Conclusion

Interaction of electron beam radiation with,Se.x based RCBM devices and
films were studied using Raman spectroscopy, XRid,EBEDS mapping. It was
discovered that GgsSers 2 based RCBM device performances were directly degen
on the formation of the-Ag,Se phase or lack thereof. The dependencies ofeviead
performances on the crystal phase growth weredudhtablished by the GeSe;s s
devices. The Gg3Se;s.7 devices were largely affected by the combinatibdramatic

structural changes and phase separation of Ag.
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FINAL REMARKS AND FUTURE WORK

Final Remarks
As a result of this work, the following contributi® have been made:
1. A detailed study of the influence of visible light pure Ge-Se glasses
was conducted. The outcomes of this study inclbdddllowing:

a. This study was the first to provide evidence thateffect of sub-
bandgap light on glasses near the stoichiometngposition is
predominantly related to the presence of lone-glaictrons. The
excitation of these electrons leads to dynamic gearn the
optical properties without affecting the structysedperties of the
film.

b. For the interactions of sub-bandgap light with @é&-films, it was
found that both the optical and structural progsrof the films are
affected.

2. Irradiation of films with x-rays produces effectsgar to that of sub-
bandgap light. The new findings of this study, whoontribute to the
knowledge of the influence of x-rays of Ge-Se filmm€lude the

following:



100

a. Films with compositions near that of the stoichitmee
demonstrate a lack of structural changes due tavh#ability of
lone-pair electrons and the abundance of staberdmtlar bonds.

b. Films deviating from the stoichiometric compositi@ither Ge-
rich or Ge-deficient, undergo conversion of ESdtites to CS
structures, which relax the structure.

c. Ag diffusion readily occurs in the Se-rich filmsedto the
relatively low packing fraction and the high affinbetween Ag
and Se. Comparatively, Ag diffusion is not evidentompositions
near that of the stoichiometric.

d. Devices based on films that exhibited structuralngjes revealed
an increased HRS after x-ray exposure.

e. Endurance of control and irradiated devices wememensurable.
Therefore, it is concluded that these devices qmmnate
successfully in an x-ray environment in the doseeastudied in
this work.

3. E-beam radiation on films and devices producedusithanges, which
are related to the negative charge of the electnadgheir small size.

a. Only Ge-rich films exhibited structural changes ene-beam
radiation.

b. E-beam induced Ag diffusion products inclugég,Se, resulting

from charged sites, and &geSe.



101

c. Devices based on Se-rich compositions demonsteapesh-pull
relationship between the binary and ternary phalssratio of
these species determined the device conductivity.

d. Devices based on films of the stoichiometric conpms
developed agglomerated crystals, which improvecetiteirance
and reduced variations.

e. Drastic structural changes and interface chargngnsed the
benefits of Ag photodiffusion, increasing the véda in device
performance.

Future Work
Further studies on RCBM devices are planned fdn bt#ctron beam radiation
and x-ray radiation. The influence of high enerfgctron beam (10 MeV) radiation on
chalcogenide films and RCBM devices will be exptbradditionally, studies
determining the influence of high energy x-rays4Ak2V) on films and RCBM devices
will be conducted. Moreover, progress on the presermly will continue through
investigating the influence of the low energy xgand electron beam at higher doses on

RCBM devices in order to affirm the trends observethis work.
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