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Spin-transfer torque random access memory (STT-RAM) is a new memory
technology which has attracted significant interest in recent years, due to its low power
consumption, scalability, and high speed. Specifically for its potential use in space
applications, it is important to quantify its robustness under ionizing radiation, e.g., gamma
radiation. To this end, here, utilizing plasmonic sensing is proposed and theoretically
demonstrated for in situ detection of defects caused by ionizing radiations. Plasmonic
nanostructures are highly used for sensing purposes as they support strong field
enhancement in nanoscale, making them highly sensitive to the refractive index change of
their surrounding medium. STT-RAM structure in its simple form includes a dielectric
barrier layer (Mg0O) sandwiched between two ferromagnetic layers (CoFeB), all placed
between two metal layers for electrical contact (Au). The metal layers in STT-RAM structure

can be utilized to support plasmonic resonance thus enable sensing of nanoscale changes

xxiii



that can be caused by irradiation. This is demonstrated via creating a nanohole array pattern
in the STT-RAM multilayer. Moreover, the sensing performance is further improved by

designing a dimer nanohole array.

Fabrication of STT-RAM multilayer requires the presence of a dielectric substrate,
onto which the layers are deposited. Therefore, there is a need for adhering the Au contact
layer onto common dielectric substrate materials. However, as Au is a noble metal, an
adhesion layer is necessary to achieve its firm bonding onto the substate. Conventional
adhesion materials include metals like Cr, Ti, and Ta, which adversely affect the plasmonic
resonance thus degrading the sensing performance. Here, MgO is proposed as an alternative
low loss adhesion layer and tested optically and mechanically. It is shown that is has

negligible effect on plasmonic resonance as well as strong adhesion performance.

Finally, an opto-electronic readout scheme for STT-RAM cells is proposed and
theoretically demonstrated. This method offers simplification of the readout circuitry as well
as offering potential for high-speed readout of memory cells, without using conventional
photodetectors. The proposed readout scheme is based on plasmonic enhancement of a
nonlinear phenomenon called optical rectification. A single optical beam illuminates an array
of STT-RAM cells, inducing electrical voltage in each cell, which is used to determine the
memory state. Plasmonic enhancement is shown to provide approximately 20 times
enhancement in variation of the photo-induced voltage with respect to the memory state. As
a result, the proposed readout method offers potential for improving the memory readout

rate, provided that proper supporting electronic circuitry is available.
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Chapter 1

Introduction

New memory technologies that allow high density memory cells, high speed, and low power
read and write abilities have been extensively studied in the literature. Among them, spin-
transfer torque random access memory (STT-RAM) has received significant attention due to
its low power consumption (100 f ] per switch), high endurance, and high speed (read and
write speed of 1 ns to 10 ns). In addition, STT-RAM technology offers good scalability, which

is due to switching current reduction when the width of memory cells is decreased [1-5].

Core element of STT-RAM consists of a thin (nanoscale thickness) dielectric layer (typically
MgO) placed between two ferromagnetic layers (typically CoFeB). Such combination of
layers forms a magnetic tunnel junction (MT]J), placed between two metal electrodes as
shown in Figure 1.1(a) [2]. The metal electrode layer typically includes one or more metal
films which may include noble metals such as Au or Pt, as well as a nonmagnetic buffer
including metals such as Ta, ruthenium (Ru), and tungsten (W) or a combination of them.
The purpose of buffer layer is to improve surface flatness, film adhesion, and crystalline
growth [6-8]. However, such layers also introduce optical losses and degrade the plasmonic
performance that is intended here. Therefore, for the most part of this dissertation, only the
essential part of MTJ] stack (ferromagnet/dielectric/ferromagnet [6]) is included in the

designed nanostructures.



Metal electrode =

Dielectric Barrier -

Ferromagnet -

(b) ()

Figure 1.1 (a) Basic structure of STT-RAM including its core element which is an MT] (ferromagnet/dielectric/
ferromagnet) sandwiched between metal electrode layers, (b,c) Cross section of STT-RAM showing its magnetic

states: (b) parallel, (c) anti-parallel.

The principle of STT-RAM for recording information is based on creating a spin-polarized
tunneling current, which can be created between the two ferromagnetic layers if the
dielectric barrier layer is thin enough. In general, the magnetic moment of one of the

ferromagnetic layers (free layer) can be in “parallel” state with regards to the magnetic



moment of the other ferromagnetic layer (pinned layer), resulting in a high
magnetoresistance, or in “anti-parallel” state to the pinned layer, showing a low
magnetoresistance (Figure 1.1(b,c)). By applying a voltage pulse to the MT], a spin-polarized
current can be created which transfers spin angular momentum from the pinned layer to the
free layer [9-11]. This transfer results in application of a torque on magnetization of the free

layer thus reversing the magnetization of it.

Although STT-RAM technology is promising it also has certain challenges, one of which is the

small difference between the values of tunneling magnetoresistance (TMR) in parallel versus

anti-parallel states (typically };ﬁ < 2.5). Such small difference requires tight tolerances on
P

variations of write voltage levels and TMR variations from one device to another [12, 13].
Furthermore, a small change of conductivity in the dielectric layer due to radiation damages
caused by ionizing radiation can flip the state of the memory cell and cause bit error.
Radiation damage becomes an important subject when it comes to space applications, to
assure their stability when used in such applications [14]. Due to the structure of STT-RAM
and because of the nanoscale thickness of its layers, understanding the effect of ionizing
radiation on it is a challenge. Focusing on the core elements of STT-RAM
(ferromagnetic/dielectric/ferromagnetic), the dielectric layer is where the main radiation
damages are expected to occur, since the metallic alloys are robust against the ionized
radiation. Radiation damages in dielectric layers typically include electric charge
accumulation and atomic displacements resulting in color center formation. In thin dielectric

films, radiation induced defects are shown to create a conductive channel passing a leakage



current [15-17]. This can affect the state of the memory cells and result in loss of the stored

information in them, which needs to be studied.

One way to study the level of radiation hardness of STT-RAM, is to use optical sensing
methods. Such methods are capable of sensing nanoscale changes which are suitable for
detection of possible radiation defects in the ultrathin dielectric layer in STT-RAM structure,
due to the small wavelength of the optical frequencies. Since the structure of STT-RAM
includes metallic layers, one can utilize them to localize the detection to the dielectric layer
further through excitation of surface plasmons. In specific, noble metals like gold and silver
are known to have good plasmonic performance, with gold being more chemically stable
[18]. As aresult, using them as the metal electrodes in the STT-RAM structure or adding them
to the STT-RAM multilayer, one can excite plasmonic modes thus achieving enhanced
sensing of possible radiation damages in STT-RAM [14, 19, 20]. Chapter 3 of this dissertation
presents further discussion of such enhancement, where plasmonic designs are provided as

well as their sensitivity to the changes in the MgO layer is quantified via simulations.

STT-RAM layers are typically deposited on an SiOx(100nm)/Si substrate. Therefore, when
using noble metals as electrodes in the structure of STT-RAM, an adhesion layer is needed to
create a bond between them and the oxide layer of the substrate. The adhesion material used
most in the literature are Cr, Ti, and Ta, which degrade the plasmonic sensing performance
by creating excess damping of plasmonic resonance due to their optical losses [6, 21-24]. To
avoid this, low-loss adhesion layers are suggested instead, such as ITO, TiOz, Cr203, or using

a molecular link for adhesion [24-29]. Another approach is using a modified fabrication



process called angular evaporation method to achieve less overlap between the localized
field hotspots and the adhesion material so the damping effect of lossy adhesion material on
plasmonic resonance becomes less [30]. This technique, however, has the drawback of
requiring a more complicated fabrication. As an alternative low-loss adhesion material, MgO
is demonstrated via mechanical and optical characterization to be an alternative low-loss

adhesion material [31, 32], which is elaborated in Chapter 4 of this dissertation.

Another important aspect when dealing with random access memory (RAM), in addition to
their radiation hardness, is how to access the information stored in the memory cells, i.e.,
their readout method. RAM readout can be performed optically or electrically, where the
former offers advantages such as, improved memory performance, simplified readout
circuitry, and increased data transfer rate between memory cells and the processor unit [33-
38]. To achieve these advantages for STT-RAM in specific, an opto-electronic readout scheme
can be designed. Conversion of optical field to electric voltage can be performed via optical
rectification (OR), which is a nonlinear optical phenomenon and can be further enhanced
through plasmonic resonance. The enhancement of OR effect through plasmonic resonance
is called plasmon drag effect (PLDE) [39-41]. The voltage enhancement can be used towards
a potentially high-speed readout (from the optical design point of view), assuming
conventional electronics are used for the voltage measurement [42, 43]. It should be noted
that such readout method also has the advantage of not needing the addition of III-V
semiconductor materials for the opto-electronic conversion, which are conventionally used
in photodetectors and light sources and not CMOS-compatible [33, 34, 37]. Chapter 5, the

final chapter of this dissertation, presents the design and numerical study of the proposed

5



opto-electronic readout scheme for STT-RAM, where the photo-induced voltage is
calculated. Finally, the dissertation ends with a general conclusion on all the presented

works.



Chapter 2

Basics of Plasmonics

In this chapter, fundamentals of plasmonic are explained. To do so, starting from Maxwell's
equations, which describe the electromagnetics theory, simple cases of plasmonic
enhancement for different types of plasmonic modes (propagating versus non-propagating)

are discussed.

2.1 Maxwell’s Equations

Maxwell’s equations represent a macroscopic formulation of electromagnetism, that were
published in 1873 [44]. The point form of Maxwell’s equation in SI units are summarized in

the following:

V.D = p, (2.1)
V.B=0 (2.2)
JB
VXE=—— (2:3)
dat
oD (2.4)
VXH=];+ E

where E is the electric field, H is the magnetic field, Js is the applied current density source,
and ps is the charge density source applied. D and B are the electric and magnetic flux

densities, which are related to E and H through the material properties in the following way:
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D=¢E+P (2.5)
B=pH+M (2.6)

where P is the electric polarization density, M is the magnetization density, o (8.85x10-12

F/m) and po (4mx107 H/m) are the electric permittivity and permeability of vacuum,

respectively, which are related to the speed of light (c) via the equation ¢ =

For the case of linear and isotropic material, equations (2.5) and (2.6) can be written as:
D = ¢E (2.7)
B =uH (2.8)

where ¢ = ¢,¢, is the material permittivity, €, being its relative permittivity, and ¢ = pyu, is

the material permeability, i, being its relative permeability.

To fully account for the material properties, one needs to consider the equation below in

addition to equations (2.7) and (2.8):

] = oE (2.9)

where o is the conductivity of the material and ] is the internal current density.

2.2 Wave Equation

Maxwell’s curl equations, (2.3) and (2.4) show that a time-varying magnetic field creates an
electric field that a time-varying electric field creates a magnetic field. Combining these two

equations results in the wave equation, which is the key to solve Maxwell’s equations.
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Equations (2.3), (2.4) can be combined using the linear relationship between B and H given
in equation (2.8). This, in the absence of charge and current density sources (source-free

medium p=0, J=0), results in the following:

92D (2.10)

VXVXE=—,LLW

which can be rewritten using the identitiesV X VX E = V(V.E) — V2E and V. (¢E) = E.Ve +
eV.E aswellas V. E = 0, which results from equation (2.1) under source-free condition. This

leads to the equation:

i (2.11)
( g £) ~ THEG2

This can be simplified for a homogeneous medium (spatially constant permittivity) into the

wave equation for electric field:

&l 0%E 2.12
VZE _ ‘l":uT' _ O ( )
c? 0Ot?
The wave equation for magnetic field can be derived in a similar fashion:

et O°H (213)

VZH — =
c2 Ot?

2.3 Time-Harmonic Dependence

Maxwell’s equations can be simplified if one assumes the time variation of the fields to be

steady-state sinusoidal (time-harmonic). In such case, electric and magnetic fields for the



case can be written in phasor form as:
E(x,y,2,t) = E(x,y,z)e/®" (2.14)
H(x,y,zt) = H(x,y, z)e/®* (2.15)

Substituting equations (2.14) and (2.15) into the Maxwell’s equations (2.1) through (2.4) and

eliminating the eJ®t term, the time-harmonic form of Maxwell’s equations is:

V.D = p; (2.16)
V.B=0 (2.17)
VXE=—jwB (2.18)
VxH=]J;+joD (2.19)

Similarly, the wave equation (2.12) turns into a time-independent equation, known as
Helmholtz equation:
VZE+Kk’E=0 (2.20)

Where k = ky+/&,4, is the wave vector in the material with relative permittivity /dielectric

. . w . .
constant of &, relative permeability of u,, and ko = —is the wave vector in vacuum.

Regarding the material properties for the case of time-harmonic dependence, one can
combine equations (2.5), (2.7), and (2.9) with the fundamental formula J = Z—‘: relating the

internal current density and the electric polarization density, to obtain the relationship

between relative permittivity and conductivity of the material [45]:
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jo (2.21)

This shows that in time-harmonic analysis, the relative permittivity is complex-valued (g, =

€, — j€&,), which includes the information for conductivity of material.

Alternatively, material properties may be stated using its complex refractive index, 7 = n —
jx, defined as i = /&, . For a nonmagnetic material (¢, = 1), this results in the following

equations:
g =n? — k2 (2.22)
&) = 2nk (2.23)

k is the extinction coefficient, which quantifies the attenuation/absorption of the

propagating wave in the medium.

2.4 Wave Propagation in Planar Geometry

To analyze the propagation of wave in a planar geometry, the geometry shown in Figure 2.1
is considered. It is assumed that permittivity is only a function of z (¢, = &,(2)). Considering
time-harmonic dependence, and the propagation direction to be along the x direction, the
electric field for the propagating wave would be in the form E(x,y,z) = E(z)e /5%, and
H(x,y,z) = H(z)e /P*, where B is the propagation constant of the wave which is the x

component of the wave vector. With these assumptions, there are no changes along y

direction (% = 0)and % can be replaced with —jf. As a result, the following can be obtained

11



from equations (2.18), (2.19), and (2.20) [45]:

a;i(zz) 4 (k2= BDE = 0 (2.24)
azaigZ) (= FOH = 0 (2.25)
% _ jout, (2.26)

O s JBE, = ~jout, (227)
—jBEy = —jwuH, (2.28)
6@% — jweE, (2.29)

aali = + jBH, = jweE, (2:30)
—jBH, = jweE, (2.31)

e z
- : ‘\I/'x(direction of propagation)

y

Figure 2.1. Definition of planar geometry for propagation of wave. Direction of propagation is along the x

direction [45].
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It can be shown that the above system of equations has two sets of solutions with different
polarizations: transverse magnetic (TM or p) and transverse electric (TE or s) modes [45].
The nonzero field components for TM mode are Ex, Ez, Hy and the ones for TE mode are Hy,

H., Ey.

For TM mode, the curl equations result in Ex and E; being formulated based on Hy:

_j OH, (2.32)
T wepe, 0z
g F ", (2.33)
WEYE,

, and the equation (2.20) simplifies into the following wave equation for TM mode:

92H (2.34)
52 T (K= BH, =0

Similarly, for TE mode, Hx and Hz can be formulated based on Ey:

_ 0k (2.35)
X wpe 0z

B (2.36)
H,=——E
 wpg

, and the wave equation for TE mode is:

02E (2.37)
azzy + (k* - IBZ)Ey =0
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2.5 Plasmonic Modes

Plasmonics is the science describing the interaction of light with matter through excitation
of electromagnetic surface modes at a metal-dielectric interface. Such modes are collective
oscillations of electrons, which can be in the form of propagating waves at a planar metal-
dielectric interface (surface plasmon polaritons) or in the form of local oscillations at the
surface of metal nanoparticles (localized surface plasmons) [45, 46]. Plasmonic modes offer
strong localization of electric field (Figure 2.2), which makes them highly sensitive to
changes. The following sections explain the basics and formulations for the two main

categories of plasmonic modes.

| dielectric

metal
nanoparticle

Figure 2.2 Spatial distribution of electric field magnitude showing field localization for (a) surface plasmon

polaritons excited at a planar metal dielectric interface, (b) localized surface plasmons excited at the surface of

a metal nanoparticle placed in a dielectric medium.

2.5.1 Surface Plasmon Polaritons (SPPs)

Surface plasmon polaritons are electromagnetic surface waves propagating at the interface

between a metal and a dielectric, which originate from coupling of the electromagnetic fields

14



to the electron plasma of the metal.

In this section, the basics of SPP is explained through theoretical analysis of the simplest
geometry capable of supporting SPPs, a single planar metal-dielectric interface. Figure 2.3
shows such geometry, where the z>0 half space is filled with a dielectric and the z<0 half
space is occupied by a metal. The goal here is to find the modes confined to the interface and
propagating along it for the case of time-harmonic dependence. Under such assumptions, the
following can be written for magnetic field component of TM mode in the z>0 half space

(dielectric region):
H, = Age /P*e~kaz (2.38)

where Aq is the magnitude of magnetic field at the interface, and ka is the z component of the
wave vector, which quantifies the field confinement to the interface via introducing an

evanescent decay along +z direction. Subscript “d” refers to the dielectric region.

Substituting equation (2.36) into equations (2.32) and (2.33), electric field components can

be obtained:

Ey = —jAq —— e IPx g kaz (2.39)
x WEGEY
E,=—-44 b e JPxg=kaz (2.40)
z WEYEY
Similarly, for the z<0 half space, the field components are:
H, = Ay e /Fxekmz (2.41)
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k . 2.42
Ex = ]Am a)s(::; e_fﬁxekmz ( )
m

(2.43)

E,=—An e~ IBx gkm?
WEYER

where subscript “m” refers to the metal region.

Dielectric

t,\Aﬂét*al r—

Figure 2.3 Geometry of a planar metal-dielectric interface and simple illustration of the supported SPP modes

Z

Y <

propagating along the interface with their field confined to the interface.

Applying continuity boundary condition for the tangential field components at the interface

(Hy and Ex) results in A; = A,, and the following:

kd Ea (244‘)

km B Em
It should be noted that the field confinement/localization at the interface requires the real

part of ka and km to be both positive. This means that equation (2.44) is satisfied only when

&4 and the real part of €, have opposite signs, meaning Re{¢;,} < 0.

Furthermore, substituting equations (2.38) and (2.41) into the wave equation (2.34),

assuming both the dielectric and the metal are nonmagnetic (¢; = u,, = 1), leads to:
k2 +kieg — %2 =0 (2.45)
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k2, + k2ey, — B2 =0 (2.46)

Solving these two equations for f3, the dispersion equation for SPP mode is written as:

B ko €Eqa€m (2.47)

B (Sd + gm)

Similarly, for TE mode, equations (2.35) and (2.36) can be used to formulate the field
components for both dielectric and metal regions, then boundary conditions at the interface
can be applied. It can be shown that the boundary conditions require the field to be zero.
This means TE -polarized SPP mode is supported by the metal-dielectric interface, and only

TM-polarized SPPs exist in such structure [45].

Going back to the dispersion equation (2.47) obtained for TM-polarized SPPs, in the ideal
case of Im{e,} = 0 and Re{¢,,} = —¢&4, a plasmonic resonance occurs, where f§ becomes
infinite, which means ultimate confinement of SPP to the interface, according to equations
(2.1)(2.45) and (2.46). However, using measured permittivity data for a metal, it can be
shown that Re{f} has a finite value which puts an upper limit on the confinement level. This
is shown in Figure 2.4 for silver-air and silver-silica interfaces as examples. It should be
noted that since the metal permittivity is complex-valued in general, § also has an imaginary

part, which means SPPs are modes of high absorption/losses [45].
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Figure 2.4 Dispersion curve of SPPs at a silver-air interface (gray curve) and a silver-silica (black curve)

interface, with light lines of air and silica included [45].

There is also a lower limit for Re{f} for SPPs, where equations (2.1)(2.45) requires
Re{f}>koed, so the mode is confined at the interface (field localization).. This means that the
confined modes are on the right of the light line of the dielectric, shown in Figure 2.4.
Therefore, to excite such modes, special techniques should be utilized to satisfy phase
matching condition. In addition, for the SPP mode to have stronger confinement (field
localization) at the interface, larger values of Re{f5} are desired, which can be achieved via

tuning the excitation frequency.

Regarding the excitation of SPPs, several methods are used in the literature to satisfy the
phase matching condition. The two most common approaches are grating coupling and
prism coupling [47-49]. In specific, prism coupling has the drawback of being bulky, so it is
not considered in applications where compactness is a criterion. Other approaches for

excitation of SPPs include using guided wave excitation through an optical waveguide or

18



near-field excitation via placing an optical fiber tip in the near field domain of the metal-

dielectric interface where the SPP mode propagates (Figure 2.5 (c,d)) [45, 50].

m=-1
Optical wave Optical wave /q m=0
//\\ s
Prisrn coupler
Metal layer Analyte
Analyte Metal layer
Grating
(a) (b)
fiber tip
Analyte Metal layer r
Guided optical /M / lave a
wave e ;Nwegwdmg metal
a
Waveguide _
(c (d)

Figure 2.5 SPP excitation techniques (a) prism coupling (b) grating coupling (c) waveguide-based excitation

(d) near-field excitation. ((a-c) are from [50], and (d) is from [45]).

In this dissertation, the grating coupling approach is utilized for SPP excitation, which is
explained here in further. To explain the grating coupling method, a simple on-dimensional
grating is considered (Figure 2.6). The periodicity in such grating helps create phase
matching between the in-plane component of wave vector in the dielectric medium (k, =

koeq sinf) and the propagation constant of SPP () as [45]:
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2mm
B = ko/eq sind + - (2.48)
where p is the grating period and m is a nonzero integer.

koegy Dielectric

W EEEENEEEE NS
. p . Metal

Figure 2.6 Excitation of SPPs via grating coupling technique. The excitation wave is incident from the dielectric

medium [45].
2.5.2 Localized Surface Plasmons (LSPs)

Localized surface plasmons are non-propagating localized oscillations of electrons which
occur at a metal-dielectric interface of a nanoparticle. Such modes do not need phase

matching techniques for their excitations, like SPPs do.

Here, the basics of LSP is explained through the simple case of a spherical particle made of
homogeneous isotropic metal with dielectric constant of ¢, placed in a non-absorbing
isotropic dielectric medium with dielectric constant of ¢; (Im{e;} = 0). To simplify the
analysis further, the particle diameter (d) is assumed to much smaller than the wavelength
of excitation, d < A. Under such assumption, for time-harmonic dependence, the phase of
electromagnetic field is almost constant, meaning that the field can be approximated to be

static (quasi-static approximation).
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Figure 2.7 A homogeneous isotropic metal sphere placed in a non-absorbing dielectric medium under

electrostatic [45].

Figure 2.7 shows the geometry of such structure, where the metal particle is placed at the
origin, in a uniform static electric field polarized along z direction, E = EyZ. To find the
modes supported in this structure, one should find the solutions of the Laplace equation for
electric potential, V2® = 0, and calculate the electric field from it, using E = —V®. For this

structure, the general solution to the Laplace equation is [45, 51]:

°° (2.49)
&(r,0) = Z(Anr" + B,r~™*1)P, (cosH)

n=0

where r (radial distance) and 6 (azimuthal angle) are the two the spherical coordinates, and
P,(cos8) are the Legendre Polynomials. This equation holds for the electric potential both
inside and outside the sphere (®;, and ®,,;). Considering that the potential should stay
finite and that the electric field for r — oo is E,Z, in addition to the continuity conditions for
tangential component of the electric field and for normal component of the displacement

field at the boundary one can obtain ®;, and ®,,,; and use E = —V® to calculate the electric

field [45, 51]:
21



3¢
d E, (2.50)

e+ 2g4

Em — €a (2.51)

Epue = Eg + —2—2
out 0" e +2¢4

1 ~
Eya® = (2cos6 7 + sind 9)

These equations show that a resonance enhancement in electric field occurs if |g,, + 2¢g4|
reaches its minimum. This means, the resonance condition for the case of small Im{g,}

simplifies into:
Re{e,,} = —2¢4 (2.52)

This equation requires Re{e;,} < 0, like the case for SPPs.

2.6 Plasmonic Enhancement and Sensing

The strong field localization brought about by the excitation of plasmonic modes (plasmonic
resonance) can provide performance enhancement in a variety of applications. Applications
of plasmonic enhancement include, but not limited to, photocurrent enhancement in
photovoltaic applications [52], surface-enhanced Raman spectroscopy [53], frequency up-
conversion efficiency enhancement [54], and chemical and biological sensing applications
where the high sensitivity of plasmonic modes to the refractive index change of their
surrounding medium facilitates improved sensing performance [50, 55-57]. As for the
plasmonic metal for optical frequencies, noble metals have received significant interest due
to their good plasmonic performance. Their negative real part of permittivity at such

frequencies makes them capable of support surface plasmon modes and their small
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imaginary part of permittivity facilitates relatively small losses/damping of plasmonic
modes (for both SPP and LSP), which means a stronger resonance and field localization. More
specifically, silver and gold are the two most used plasmonic metals for optical frequencies.
Silver provides sharper plasmonic resonance than gold, resulting in its higher sensitivity.
However, gold is has better chemical stability, which makes it a good candidates for sensing
applications in different environments [18]. Further research has been performed, to
achieve novel materials which provide reduction of the plasmonic losses compared to gold

and silver [58].

Plasmonic sensing can be performed based on SPP or LSP modes in general. Since the
excitation of SPPs is dependent on the excitation wavelength and angle of incidence
(equation (2.48)). Therefore, SPP resonance shows up as a dip in optical reflection or
transmission spectrum. Angular interrogation and wavelength interrogation methods can be
used for SPP-based sensing, where a change of resonance angle or wavelength occurs due to
refractive index change in the medium. In addition, SPP-based sensing can be done via

measurement of intensity near the resonance [50, 59].

Regarding LSP-based sensing, various shapes of metallic nanoparticles are studied in the
literature, where the plasmonic enhancement and sensitivity are shown to be affected by the
shape and dimensions of the nanoparticles [60, 61]. For LSP sensing, typically extinction
(absorption) spectrum is used [62-64]. For measuring local refractive index changes, LSP
sensors are more suitable compared to SPP sensors. However, LSP resonances generally

have a broader linewidth compared to SPPs due to their radiation losses, which is not desired
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in sensing applications [65].
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Chapter 3

PLASMONIC DETECTION OF POSSIBLE DEFECTS IN STT-

RAM

3.1 Introduction

Plasmonic sensing is among the most highly sensitive detection schemes where the strong
field localization of the plasmonic mode contributes to enhanced sensing performance,
which can be used to detect possible irradiation defects in STT-RAMs [14, 19, 20]. Among
different plasmonic nanostructures, nanohole arrays have attracted lots of interest due to
their ease of fabrication, potential for miniaturization, and simplified optical alignment [66].
Because of these properties, in this chapter the plasmonic sensing of STT-RAM is evaluated
for nanohole array geometry in the STT-RAM multilayer. Since it is the complementary
structure for the nanopillar array, which is the original geometry for an array of STT-RAM
cells (unit cell shown on Figure 1.1), the results should give a good enough estimate of the

performance.

To further increase the sensitivity of plasmonic sensors, significant research has been [67-
70], among which some take the approach of modifying the shape of nanostructures to
achieve sensitivity enhancement. As examples, arrays of elliptical nanoholes [71] and

overlapping dimer nanoholes [55] can offer a stronger field enhancement and therefore
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higher sensitivity due to their sharper geometrical features.

An alternative approach for achieving higher sensitivity in plasmonic devices is to create a
Fano resonance, which originates from coupling of a broadband bright mode and a
narrowband dark mode. To do so, typically it is necessary to create a form of asymmetry in
the nanostructure geometry. Many works have been done in this regard, studying the Fano
resonance formed via geometrical asymmetry in the nanostructure arrays made of metallic
nanoparticles [62, 63, 72-74] or nanoapertures/nanoholes with different shapes [69, 75, 76],
where the asymmetry is typically created by using two or more coupled
nanoparticles/nanoapertures in each unit cell, which can be of either the same or different
sizes. Specifically, for nanoholes of the same size and shape, examples of quadrumer,
heptamer, and heptamer nanohole clusters have been presented in the literature [77-79].
Although non-overlapping nanohole quadrumer and heptamer geometries are studied in the
literature, the simple case of non-overlapping nanohole dimers is not studied. Therefore, in
this chapter study of dimer nanohole array to create Fano resonance is performed, and its
enhancement of sensitivity compared to conventional nanohole array is theoretically

quantified for detection of changes in the STT-RAM ultrathin dielectric barrier layer.

In the following, design of nanohole array in STT-RAM multilayer is presented as well as the
theoretical demonstration of its ability to detect changes in its ultrathin dielectric barrier
layer. Subsequently, modeling and design basics of dimer nanohole array to achieve a highly
sensitive Fano resonance are discussed, and its sensitivity to changes of refractive index in

the cladding material (bulk sensitivity) is estimated through numerical simulations. Next,
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the sensing ability of the designed dimer nanohole array with regards to refractive index
changes in STT-RAM dielectric layer due to possible irradiation damage is estimated
theoretically. Comparisons with conventional nanohole array are made to show the

improvement made in sensing performance by using dimer nanohole array.

3.2 Metrics for Sensing Performance

When it comes to sensing applications, a higher sensitivity, and a sharper resonance (smaller
resonance linewidth) is desired. Sensitivity (S) is defined as the resonance shift divided by
refractive index change, which for wavelength interrogation has the unit of the unit of

nm/RIU:

AL (3.1)
=M

where AA is the wavelength shift of the resonance caused by the refractive index change of

An.

To combine the sensitivity with resonance sharpness in, one can define a figure of merit

(FOM), as refractive index sensitivity divided by the resonance linewidth [78] :

_ (3.2)
Fom = linewidth

A better sensing performance is equivalent with larger FOM values, as it facilitates better

sensing resolution defined by the following formula [80]:
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o (3.3)
Resolution = FOM Al

where Al is the resonance contrast (or depth). It is important to note that a larger resonance

contrast is desirable as it improves the sensing resolution.

3.3 STT-RAM with Tantalum Contact Layers

A typical material used for metal electrodes layers in STT-RAM is tantalum (Ta) [2]. Since the
main idea here is to utilize the metal layers in the STT-RAM structure to support plasmonic
resonance, an initial step is to evaluate TA for its plasmonic performance. For a TM-polarized
SPP mode localized at a Ta/air interface, one can use equation (2.47) taking the permittivity

data for Ta from [81], to calculate the propagation constant .

To achieve strong field localization and therefore high sensitivity, a strong local maximum
for Re{f} is desired when plotted versus frequency. However, the local maximum of Re{f}
is too weak for this case, as shown in Figure 3.1(a) around 440 THz, which means poor
confinement and sensitivity. Hence, Ta cannot support an SPP mode because of its high
optical losses. This is specifically clear in Figure 3.1(b), which shows the imaginary part of
its permittivity has a significant value around 440 THz. To achieve a strong plasmonic
resonance, a silver (Ag) film can be added beneath the STT-RAM multilayer stack. This helps
because Ag is known to have good plasmonic performance, due to its small losses in the

visible and NIR ranges [82].
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Figure 3.1 (a) Propagation constant of SPP mode at Ta/air interface. The interface does not support a strong
surface plasmon resonance, (b) Real and imaginary parts of permittivity of Ta. Its high losses make it impossible

to get a strong enough surface plasmon resonance at Ta/air interface [19].

3.4 STT-RAM with Gold Contact Layers

Among different versions of multilayer structure presented in the literature for STT-RAM
technology, it is common that noble metals such as platinum (Pt) or Au are used as part of
the metal electrode contact layers placed around the essential part of MT] stack
(CoFeB/Mg0O/CoFeB). Typically, in the structure of STT-RAM, the noble metal layers are
accompanied with nonmagnetic metal buffers consisting of Ta, and/or other materials such
as Ru and W to improve the electrical performance, while in some cases Ta is used as the
contact layer itself [6-8]. Since Ta cannot provide strong plasmonic performance, in Section
3.5, a silver (Ag) layer, which is a good plasmonic metal, is added in the multilayer platform

used for the plasmonic nanostructure design. However, Ta introduces additional optical
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losses which degrades the plasmonic performance. In addition, Ferromagnetic layers like
CoFeB also introduce additional losses [83]. Therefore, later in Section 3.10.2, the multilayer
structure is further simplified to Au/MgO/Au is used in the plasmonic nanostructure
designed for STT-RAM defect detection, where Au contact layers are included as well as the

MgO layer, where the ionizing radiation is expected to cause damage mostly.

3.5 STT-RAM Nanohole Array on Silver Film

To demonstrate nanohole array performance for detection of irradiation damage in STT-
RAM multilayer, since Ta does not show good plasmonic performance, here I add Ag as the
plasmonic metal supporting strong plasmonic resonance. As a result, the multilayer
structure considered for the nanohole array consists of Ta (4 nm) / CoFeB (1.5nm) / MgO
(2nm) / CoFeB (1.5nm) / Ta (4nm) layers (typical thicknesses for STT-RAM), all on a 300nm
silver layer. The nanoholes in this design are close ended, modeled here as a PEC boundary (Figure
3.2), to simplify the design process by reducing the simulation time. Optical properties of Ag, Ta,
and CoFeB are taken from the measured data provided in [84], [81], and [83], respectively.
For MgO, refractive index is set to 1.73, with its extinction coefficient being zero [85]. To
perform the design, Lumerical FDTD is utilized. In the simulation, a unit cell of the structure
is modelled, with periodic boundary conditions and a normally incident plane wave

considered as the excitation source.
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Figure 3.2 STT-RAM multilayer nanohole array structure with silver as plasmonic metal [19].

The main design parameter is the nanohole array period (p), which is used to set the
resonance wavelength (4,..;) to the design wavelength [86]:

Ares (3.4)

p=
relley

, where f,,,, is propagation constant of (1, 0) SPP mode, propagating along the lattice vector,
Ares is the resonance wavelength. Based on this equation, increasing p would increase A,
and vice versa. After setting the resonance wavelength to the design wavelength by tuning
the value of p, the nanohole diameter (d) was used to achieve the highest resonance contrast.

It should be noted that changing d slightly affects A,..; which is negligible.

The design wavelength for the plasmonic resonance is set to 4,,; = 780 nm. The choice of
design wavelength is made by making a compromise to avoid larger optical losses in Ta at
smaller wavelengths and to achieve high sensitivity offered by smaller wavelengths. The
dimensions of the designed nanohole array are p = 700 nm, and d = 350 nm, for which the
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reflectance spectrum has a minimum at A,.,; = 785 nm as shown in Figure 3.3(a)), where
SPP mode is excited. The field enhancement at the resonance, illustrated in Figure 3.4, shows
that the plasmonic hotspots are located at the top surface, where the STT-RAM multilayer is
placed. Therefore, the designed nanohole array is expected to show high sensitivity to the

MgO layer, where irradiation defects are expected to occur.
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Figure 3.3 (a) Zeroth-order reflection spectrum of the designed multilayer nanohole array (p = 700 nin, d =

350 nm), (b) zoomed view [19].

To quantify the sensitivity, an FDTD simulation is performed with the MgO refractive index
changed to 1.9 (10% increase), which shows a red shift of 0.25nm (122 GHz) in the
resonance, shown in Figure 3.3(b). It should be mentioned that the relatively broad
bandwidth of the designed nanohole array (FWHM of about 60nm) is because of its
multilayer structure and losses in Ta and CoFeB layers while FWHM bandwidth of about 5nm

can be obtained for a silver nanohole array with the same thickness.
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Figure 3.4 Field enhancement of the designed multilayer nanohole array (p = 700nm, d = 350nm) at
plasmonic resonance wavelength (4,,, = 785 nm). The plasmonic hotspots at the top surface make the

structure sensitive to the refractive index changes in the MgO layer [19].

3.6 Sensing Enhancement via Dimer Nanohole Array

To increase sensitivity by creating a Fano resonance, the simple structure of dimer nanohole
array is studied here. Fano resonance originates from the coupling between a broadband
bright mode and a narrowband dark mode [62, 63, 72-74]. For the dimer nanohole array
structure, such coupling is facilitated through the asymmetry created by moving the two
nanoholes in a unit cell close to each other along the dimer axis, so the inter-hole spacing
between two nanoholes in the nanohole dimer (s) becomes smaller than the spacing
between on nanohole in the dimer and the closest nanohole in the adjacent unit cell along y
direction (s”) (Figure 3.5). Furthermore, the material difference between the upper cladding

and the substrate helps enhance such coupling thus improving sensing performance, as
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discussed in [87] for the case of plasmonic nanocube. However, for conventional plasmonic
nanohole arrays, such material difference causes sensing degradation. It is noteworthy that
there are techniques, such as substrate etching, suggested in the literature to avoid this.

However, they require further fabrication steps and therefore complexity [88]. s

7
L=
Figure 3.5 Schematic of few unit cells of dimer nanohole array showing the asymmetry along the dimer axis

(s <s').

The Fano resonance under study here is created from coupling between a broadband SPP
mode (bright mode), and a narrowband Rayleigh-Wood Anomaly (dark mode). Rayleigh-
Wood Anomaly (WA) originates from the incident wave being diffracted tangential to the

surface of a periodic grating [89]. The grating formula is as follows:

sin(6,,) = sin(6) + r:—; (3.5)

where 0 is the angle of incidence, 6,,is the diffraction angle for the mt diffraction order, p is
the grating period, A is the wavelength in the vacuum, and n is the cladding refractive index.

Based on this equation, since WA corresponds to 0,, = +90°, the wavelength at which WA
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occurs can be calculated from:

A
m2__ sin(6) £ 1 (3-6)
np

For air cladding (n = 1), and for the case of normal incidence (6 = 0), excitation wavelength

for the first order WA mode (m = 1) would be equal to the period (p).

It is important to note that equations above are only applicable for the case of WA modes
one-dimensional (1D) grating which has periodicity only along x direction. For two-
dimensional (2D) grating where periodicity is present in x and y directions, equation (3.5)

can be modified into the following form:

(3.7)

m
sin(6,,) = sin(0) + ’ - X+—y9

where m and m’ are integers designating the mode order in x and y directions, respectively.

Moreover, py and p, are the grating periods along x and y directions.

It should be noted that despite the design presented in Section 3.5, for the rest of this chapter,
open-ended nanoholes are considered to enable transmission of the optical wave. This is
helpful, as measurement of optical transmission offers simplified optical alignhment in

experimental sense.

3.7 Modeling of Dimer Nanohole Array

To study the basics and design of plasmonic dimer nanohole array and its design parameters

to achieve a highly sensitive Fano resonance, initially modeling of dimer nanohole array is
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performed based on an Au thin film placed on quartz substrate and with air cladding. The
unit cell of the structure is shown in Figure 3.6(a, b). For numerical simulations here,
COMSOL Multiphysics 5.4 is utilized, which is based on finite element method (FEM), and a
normally incident plane wave with its electric field polarized along y direction is considered
to illuminate the array. For the COMSOL model, the material data for Au is taken from [90],
and refractive index of quartz is set to fixed value of n44,¢, = 1.45 as it is almost constant
over the wavelength range of interest [91]. Due to symmetry of the nanohole dimer with
respect to the y axis and to decrease simulation time, the modelled geometry includes only
half a unit cell, and boundary conditions on the xz and yz plane side walls are set as perfect
electric conductor (PEC) and perfect magnetic conductor (PMC), respectively (Figure 3.6(c)).
Two periodic ports are defined to illuminate the structure from the bottom, and perfectly
matched layers (PML) are defined behind the ports to avoid unwanted multiple reflections
from the top and bottom boundaries. It is noteworthy to mention that it is necessary to place
the PML on the air side in a farther distance from the nanostructure compared to the one on
the substrate side. This is because at the resonance wavelength, the evanescent field in air

extends to a larger distance, as shown in Figure 3.7.
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Figure 3.6 Unit cell for gold dimer nanohole array: (a) top view, (b) side view, and (c) simulation model [14].

Figure 3.7 E-field distribution in yz-plane cross section of gold dimer nanohole array on quartz substrate,

showing the evanescent field extends up to a larger distance in the air cladding [14].
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3.8 Optical Response and Field Enhancement of Fano Resonance

in Dimer Nanohole Array

To explain the design basics of dimer nanohole array to achieve the highly sensitive Fano
resonance, it is helpful to first discuss the numerical simulation results for optical response
of a dimer nanohole array with certain dimensions (t =60nm,d = 250nm,s =
75 nm,p, = 450 nm, p,, = 775 nm). This serves as initial example to show the resonance
feature in the optical spectra and its field localization and enhancement at the top surface,
which facilitates its high sensitivity to refractive index changes around it. The optical
response for such design is provided in Figure 3.8(a), showing a Fano resonance around A =
787 nm, which shows up as a local minimum in the transmission response and a local
maximum in the absorption response. Since measuring the transmission is simpler in terms
of optical alignment, for the design process of dimer nanohole array here, only the

transmission spectrum is used.

[t should be mentioned that since the main asymmetry present in the structure of the dimer
nanohole array is along y direction, the two coupled modes creating the Fano resonance
propagate along y axis, which are referred to as SPP(0, m") and WA(0, m), m’and m
representing the mode orders. Using equation (3.5) for normal incidence, the theoretical
prediction of excitation wavelength for WA(0, 1) mode is A = p,, resultingin A = 775 nm the
dimer nanohole array with the dimensions provided earlier in this section. This is very close
to the Fano resonance wavelength observed in Figure 3.8(a), confirming the source of the

Fano resonance is excitation of WA(0, 1) mode. In addition, it should be noted that the peak
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transmission in Figure 3.8(a) refers to excitation of SPP mode of order (0, 1). This was
determined through simulation of the nanostructure for a larger wavelength range and
confirming that this is the SPP mode with largest resonance wavelength, which is the case

for SPP(0, 1) mode based on equation and considering that p,, > p, for the current design.

The purpose of designing the dimer nanohole array here is to obtain the Fano resonance is
to achieve high sensitivity at the top interface (Au/air interface), where the dielectric barrier
layers of STT-RAM will be placed. Therefore, it is important to calculate the field
enhancement. This is shown in Figure 3.8(b) for the dimer nanohole array under discussion,

having its maximum at the Au/air interface, which is where high sensitivity is needed.
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Figure 3.8 (a) Optical Spectra for Au dimer nanohole array on quartz substrate showing Fano resonance around
A =787 nm (a) Field enhancement of it at the Fano resonance along z axis at a major hotspot located around

the dimer (dimensions are t = 60 nm,d = 250 nm, s = 75 nm, p, = 450 nm, p,, = 775 nm) [14].

To better illustrate the origin of the Fano resonance, its electric and magnetic field

distributions at the resonance wavelength are shown in Figure 3.9. In specific, field
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enhancement and local hot spots can be seen in Figure 3.9(a, b), where electric field
magnitude distribution plots across the yz symmetry plane of the nanohole dimer and across
an xy plane located at the top surface at z = 60 nm (Au/air interface) are presented. In
addition, the propagation of wave along y direction can be concluded from the xy plots of E,
and H, components which are shown in Figure 3.9(d, e). Lastly, in Figure 3.9(c, f), E, and H,
are shown in yz plane and xy plane, respectively, to provide a better sense of the resonant

mode.
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Figure 3.9 Field distributions of the excited Fano resonant mode at in Au dimer nanohole array on a quartz
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substrate (dimensions are t = 60 nm,d =250 nm,s =75 nm,p, = 450 nm, p, = 775 nm). The yz cross
section shown is the yz symmetry plane of the nanohole dimer, and the xy plane shown is at z = 60 nm (at the

top surface, i.e., Au/air interface) [14].

3.9 Effect of Changing Dimer Nanohole Array Dimensions on

Fano Resonance

To design the dimer nanohole array for excitation of a strong Fano resonance mode, it is
important to know how changing its dimensions affect the Fano resonance. As previously
discussed in Section 3.2, for evaluation of sensing performance, higher sensitivity and
smaller linewidth are desired, with sensitivity being the major factor. In this section, the
focus is on studying the effect of changing each of the dimer nanohole array dimensions,
while keeping others fixed, using simulation results for field enhancement, which is directly
related to sensitivity. To do so, the maximum field enhancement at the Au/air interface is
used for the study throughout this section (FE,,,,)- In addition, the depth of the resonance
feature (resonance contrast or magnitude) in the transmission spectrum is discussed. The
resonance contrast is important in experimental sense, since it is a measure for resonance
strength, quantifying the visibility of the resonance feature in the optical transmission
spectrum as well as showing the efficiency of the resonant mode excitation. The dimer
nanohole array considered here is based an Au film placed on a quartz substrate and with

air as the top layer, similar to those discussed in Sections 03.7 and 3.8 (Figure 3.6). To
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simplify the study, the diameters of the two nanoholes in the nanohole dimer are set to be
equal in all cases. In other words, the nanohole dimer is symmetric with regards to the xz

cross sectional plane passing center of the unit cell.

The impact of changing the array period in the direction along the dimer axis (p,) while
keeping other dimensions fixed is shown in Figure 3.10. It is clear that a change in p,, mainly
affects the resonance wavelength, as it directly changes the criteria for excitation of WA(O,
1), provided in equation (3.6). An increase in p, increases the resonance wavelength and
vice versa. Moreover, red shifting of the SPP(0, 1) mode is observed following an increase in
py, which is in accordance with the theoretical expectation based on equation (2.48).
Increasing p,, results in a stronger Fano resonance (deeper resonance feature as well as
larger FE,;4,). This is because larger p,, leads to further asymmetry created along the y

direction, since nanoholes in a unit cell become farther from the ones in the unit cell adjacent

to them along y direction.
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Figure 3.10 Study of effect of changing p,on Fano resonance of Au dimer nanohole array on quartz substrate

with air cladding: (a) Optical transmission spectrum and (b) Maximum field enhancement (Dimensions are t =

60 nm,d = 250 nm, s = 100 nmm, p,, = 450 nm) [14].

While changing the p,, significantly affects the resonance wavelength, changing the period in
x direction (p,) has little to no effect on it (Figure 3.11). This is because the main decision
maker for the Fano resonance wavelength is WA(O, 1), which propagates along y direction
thus being independent from the array period in x direction. On the other hand, decreasing
p, helps enhance the Fano resonance strength, increasing the resonance contrast as well as
its sharpness, as shown in Figure 3.11(a). Also, the FE,,,, data plotted in Figure 3.11 (b) is
in accordance with this, showing its overall trend as increasing when p, becomes smaller,
meaning stronger resonance. This is reasonable, since a decrease in p,, meaning larger
nanohole-to-metal area ratio, facilitates more coupling of optical power to WA(0, 1) mode,
through increasing the optical transmission of the broadband SPP(0, 1) mode. It should be
noted that the irregularities in the overall trend of FE,,,, in Figure 3.11(b) is due to the
sampling error originating from the wavelength step selected for the simulations and can be
eliminated by decreasing the wavelength step size. Here, the wavelength step size is

remained relatively coarse to reduce the simulation time.

It is noteworthy to mention that the extra dip showing up at A = 700 nm for the case of p,, =
600 nm is related to the WA(1, 1) mode at the Au/quartz interface, which is close to the
theoretical expectation, 1 = 688 nm, obtained from equation (3.7). Similar explanation

applies to the resonance feature at A = 670 nm for p,, = 550 nm.
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Figure 3.11 Study of effect of changing p_on Fano resonance of Au dimer nanohole array on quartz substrate

with air cladding: (a) Optical transmission spectrum and (b) Maximum field enhancement (Dimensions are t =

60 nm,d = 250 nm,s = 100 nm,p, = 775 nm) [14].

After studying how changing the period affects the Fano resonance supported by dimer
nanohole array, the effect of changing the nanohole diameter (d) and the inter-hole spacing
(s) between the two nanoholes composing the nanohole dimer in a unit cell is investigated.
Based on the simulation results presented in Figure 3.12 and Figure 3.13, one can observe
that changes in d and s have a correlated effect on the resonance strength of the Fano mode.
Such correlation suggests that for each nanohole diameter value, there is a specific inter-hole
spacing for the dimer that leads to the Fano resonance with largest strength. For example,
among the cases presented in Figure 3.12 and Figure 3.13, the strongest Fano resonance in
terms of maximum field enhancement and resonance sharpness happens for the two cases

ofs =100 nm,d = 225nmand s = 75 nm,d = 250 nm.
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Figure 3.12 Study of effect of changing nanohole diameter on Fano resonance of Au dimer nanohole array on

quartz substrate with air cladding: (a) Optical transmission spectrum and (b) Maximum field enhancement

(Dimensions are t = 60 nm,s = 100 nm, p, = 450 nm, p,, = 775 nm) [14].
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Figure 3.13 Study of effect of changing the dimer inter-hole spacing on Fano resonance of Au dimer nanohole

array on quartz substrate with air cladding: (a) Optical transmission spectrum and (b) Maximum field

enhancement (Dimensions are t = 60 nm,d = 250 nm,p, = 450 nm, p,, = 775 nm) [14].
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Further simulations confirm that when p, is kept constant, for a larger value of nanohole
diameter a smaller inter-hole spacing is needed to achieve the strongest Fano resonance. For
example, for dimer nanohole array with dimensions set as “t = 60 nm, p, = 450 nm,p,, =
775 nm”, for the case of d = 300 nm the inter-hole spacing of s = 5 nm results in strongest
Fano resonance, while for d = 250 nm, inter-hole spacing of s = 75 nm creates the strongest
resonance. This is because with p,, being constant, a larger nanohole diameter would need a
smaller inter-hole spacing to create as strong of an asymmetry between the inter-hole

spacings inside a unit cell and across adjacent cells in y direction (s and s’ in Figure 3.5).

The thickness of the Au layer can also affect the Fano resonance strength, as it determines
the extent of coupling of the incident power to the SPP(0, 1) mode and WA(O, 1) as a result.
The simulation results for sweeping the value of Au thickness (t) are shown in Figure 3.14.
[t can be observed that as the Au thickness becomes closer to the Au skin depth (~26 nm at
A = 780 nm). This is because for such small thicknesses, the Au layer cannot act as a good
metal. On the other hand, for t = 150 nm and larger the Fano resonance becomes weaker,
having smaller resonance sharpness and contrast as the optical transmission gets smaller. It
is important to note that the Au thickness that can offer the strongest Fano resonance can be
increased if one increases the nanohole diameter, as it helps increase the optical

transmission of the broadband SPP(0, 1) mode thus exciting the WA(0, 1) more efficiently.
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Figure 3.14 Study of effect of changing the dimer inter-hole spacing on Fano resonance of Au dimer nanohole
array on quartz substrate with air cladding: (a) Optical transmission spectrum and (b) Maximum field

enhancement (Dimensions are t = 60 nm,s = 100 nm,d = 250 nm, p, = 450 nm, py = 775 nm) [14].

3.10 Sensing Performance of Dimer Nanohole Array

To evaluate sensing performance of dimer nanohole array and compare it with conventional
nanohole array structure, it is helpful to study its sensing ability with regards to changes in
the top cladding/cover material, which is known as bulk sensing. This facilitates comparison
of sensing ability of dimer nanohole array with the current research in the literature. Such
study is presented in the first part of this section. Later in this section, ability of nanohole
array designed in a simplified STT-RAM multilayer to detect changes in its ultrathin
dielectric layer is investigated and compared to sensing performance of conventional
nanohole array. To quantify the sensing ability of dimer nanohole array structure, sensitivity

and FOM parameter, defined in Section 3.2, are estimated through numerical simulations
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throughout this section.

3.10.1 Bulk Sensing

For evaluation of dimer nanohole array regarding it bulk sensing performance, the top
cladding material is set to water, as it is the most common case for nanohole array bulk
sensing in the literature. The dimer nanohole array structure multilayer is similar to Figure
3.6, except for its top cover material which is water. Moving from the design presented in
previous sections for air cladding (n = 1) to the one intended for water cladding (n = 1.33)
here, it is important to note that the increase in cladding refractive index increases the
excitation wavelength of the WA(0, 1) involved in the Fano resonance. To tune the resonance
wavelength back to its previous value, one can reduce p,,.. Also, nanohole array diameter and
dimer inter-hole spacing are tuned to achieve a sharp resonance. As a result, the selected
dimensions for the dimer nanohole array are t = 60nm,s = 20 nm,d = 200 nm,p, =

450 nm, p,, = 520 nm.
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Figure 3.15 Evaluation of bulk sensing performance of dimer nanohole array in Au film on quartz substrate,
with water as its top cladding: (a) Optical transmission spectrum and (b) Plot of resonance wavelength of the
Fano resonance with shorter resonance wavelength versus refractive of the top layer (Dimensions are t =

60 nm,s = 20 nm,d = 200 nm, p, = 450 nm, p,, = 520 nm) [14].

To evaluate bulk sensing of the designed dimer nanohole array, its optical transmission
spectrum is obtained through simulation for different value of cladding refractive index
(Figure 3.15(a)). The results show two Fano resonances in the wavelength range of study
(A =723nm and A = 790 nm for n= 1.33). The two resonances are a result of coupling
between SPP(0, 1) and WA(O, 1) modes. The Fano mode with larger resonance wavelength
is due to excitation of modes at the Au/quartz interface, and the one with smaller resonance
wavelength is related to modes excited at the Au/air interface. Hence, the latter is much more
sensitive to changes in the water cladding, showing much larger resonance shift as the
cladding material changes. Therefore, it is the resonance for which the sensing performance
is estimated. It is noteworthy to mention that in this design, the two Fano resonances
localized at cladding side and the substrate side have their wavelengths closer to each other
than the designs with air cladding presented in the previous sections. The reason is that for
the case of water cladding, the refractive index of the cladding is closer that of the quartz

substrate.

Sensitivity is defined as resonance wavelength shift divided by the refractive index change,
based on equation (3.1). Therefore, one can plot the resonance wavelength versus refractive
index and calculate its slope to obtain sensitivity. Such plot is shown Figure 3.15(b) for the

Fano resonance with shorter wavelength for the designed structure, from which sensitivity
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is calculated to be S =486nm/RIU, which is larger than the highest sensitivity
value reported in [77] for heptamer nanohole array (S = 400 nm/RIU). Considering the
12 nm linewidth of the Fano resonance under study, the dimer nanohole array is calculated
to have FOM of 40.5 regarding bulk sensing, which is about 70% larger than highest
FOM reported for heptamer nanohole array (FOM = 23.8) [77]. It is important to highlight
that in addition to having superior sensing ability compared to heptamer nanohole array,
dimer nanohole array has imposes less fabrication complexity, since it allows larger inter-

hole spacing, resulting in increasing the minimum feature size.

To compare the sensing performance of dimer nanohole array with conventional nanohole
array, FOM values are compared, as FOM combines wavelength shift with resonance
sharpness and plays a role in resolution of refractive index sensing. Among studies in the
literature on nanohole arrays designed for visible wavelengths [80, 92-97], the highest
reported value for FOM is 40 [97]. Even though the dimer nanohole array design here is not
optimized, it has a slightly larger FOM. In addition, the FOM reported in [97] is for a nanohole
array with substrate etching to facilitate further overlap of the surrounding water cladding
with the plasmonic field and increase sensitivity as a result. Therefore, to have a better
comparison, dimer nanohole array bulk sensing should be compared with the nanohole
array reported in [96] which has a similar substrate and has FOM of 23.3. Based on this,

dimer nanohole array facilitates more than 70% improvement.

In addition, other types of nanostructure shapes based on SPP sensing are presented in the

literature, including nanoslit array [98] (FOM = 33.9), elliptic nanohole array [99]
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(FOM~16.5), and array of overlapped double holes [55] (FOM~16.3). Considering these
values, it is concluded that the dimer nanohole array design presented here provides

improvement in sensing.

3.10.2 STT-RAM Ultrathin Dielectric Barrier Sensing

As previously discussed, the goal of this chapter is to design plasmonic nanostructures in
STT-RAM multilayer to detect possible irradiation changes in its ultrathin dielectric layer
(Mg0O). Therefore, performance of dimer nanohole array for sensing such changes is
evaluated here. For this purpose, a simplified STT-RAM multilayer of Au (5nm) /
MgO (10 nm) / Au (60 nm) placed on a quartz substrate and surrounded by air is
considered. It should be noted that the MgO layer thickness increased to 10 nm to reduce
simulation time by relaxing the requirement for small enough mesh size to achieve accurate
results. Furthermore, thickness of the bottom Au layer is set to 60 nm, which is much larger
than its skin depth (~26 nm at A = 780 nm), to make it capable of supporting a strong
plasmonic resonance. The rest of the design dimensions of the dimer nanohole array
considered here are s = 75 nm,d = 250 nm, p,, = 450 nm, py = 775 nm. To calculate the
sensitivity, simulations are performed while varying the refractive index value of the
dielectric layer from n = 1.3 to n=2.1 in increments of 0.2 (Figure 3.16(a)), where a
resonance linewidth of 11 nm can be observed. Sensitivity to such changes is calculated from
the slope of resonance wavelength versus dielectric layer refractive index plot, shown in
Figure 3.16(b). To estimate the resonance wavelength shift due to radiation-induced changes

in the dielectric MgO layer, one needs to multiply the sensitivity value by the expected
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refractive index change of MgO. Since no dose test have been established for MgO, here the
data available for silica is used to make an estimate. Based on the date presented in [100],
refractive index change of ~0.05 (3.5%) occurs in silica when undergoing ion beam radiation
(Br ions and ~46 krad dose level). Using the same percentage change for MgO refractive
index, resonance shift of 0.3 nm is estimated. It is important to mention, that different dose

of radiation and different ion type would cause different result [101].
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Figure 3.16 Evaluation of sensing performance of dimer nanohole array regarding changes in the ultrathin
dielectric layer, for a simplified STT-RAM multilayer of Au (5 nm) / MgO (10 nm) / Au (60 nm) placed on a
quartz substrate and surrounded by air: (a) Optical transmission spectrum and (b) Plot of resonance
wavelength of the Fano resonance versus refractive of the dielectric layer (Dimensions are s = 75 nm,d =

200 nm,p, = 450 nm,p,, = 775 nm) [14].

To show the improvement achieved in sensing of MgO layer by using dimer nanohole array,
compared to conventional nanohole array, a nanohole array is also designed for similar

resonance wavelength and in the same multilayer platform. The nanohole diameter and
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period for such design are d =400nm and p = 750 nm, respectively. The design
dimensions are chosen to achieve excitation of first order SPP mode at the air-Au interface
ataround A = 790 nm wavelength, and to obtain around the same resonance contrast as the
Fano resonance supported by the dimer nanohole array shown in Figure 3.16(a). Keeping
the resonance contrast the same (Figure 3.17), the two nanostructures are compared based
on their FOM values thus comparing refractive index resolution of their sensing, based on

equation (3.3).

To make a fair comparison, it is important to consider differences in the percentage area of
the unit cell where MgO layer is present in each nanostructure. This is done by normalizing
the calculated sensitivity to the MgO-per-unit cell area defined as (1 — 2Apanohole/Aunit cell)
for dimer nanohole array and (1 — Apanohole/Aunit cerr) for conventional nanohole array.
Calculations based on the simulation results shown in Figure 3.16 and Figure 3.17 show that
improvements of 30% and 70% are achieved in normalized sensitivity and normalized FOM

values, respectively, when using dimer nanohole array.
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Figure 3.17 Evaluation of sensing performance of conventional nanohole array regarding changes in the
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ultrathin dielectric layer, for a simplified STT-RAM multilayer of Au(5nm)/MgO (10 nm)/
Au (60 nm) placed on a quartz substrate and surrounded by air: Optical transmission spectrum for different

refractive index values of dielectric layer (Dimensions are d = 400 nm,p = 750 nm) [14].

3.11 Summary and Conclusion

In summary, we discussed design of plasmonic nanohole array in STT-RAM multilayer
structure, to provide a highly sensitive means capable of detecting possible irradiation
damages in the STT-RAM ultrathin dielectric barrier. In addition, study of dimer nanohole
array for achieving a Fano resonance with improved sensing performance was performed.
Comparisons were made between dimer nanohole array and conventional nanohole array
regarding their sensing ability. For bulk sensing of dimer nanohole array, sensitivity of
846 nm/RIU and FOM of 40.5 were demonstrated though theoretical simulation, which are
both larger than the typical values presented in the literature for conventional nanohole
array structure. Regarding detection of changes in the ultrathin dielectric layer, overall
improvement of 70% is shown when using dimer nanohole array, and resonance wavelength

shift due to radiation-induced changes was estimated to be 30 nm.
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Chapter 4

Adhesion Layer Effect on Resonance of Plasmonic

Nanostructures

4.1 Introduction

As discussed in earlier in this dissertation, plasmonic nanostructures can provide strong
field enhancement, offering high sensitivity when being used in sensing applications. The
most used plasmonic metals are gold and silver. As they are noble metals, it is necessary to
use an adhesion layer so that a firm bonding between the plasmonic metal and the dielectric
substrate can be enabled. To address this, traditionally, metals such as titanium (Ti),
chromium (Cr), and tantalum (Ta) can be used as adhesion material, with the first two being
the most common in the literature. These metals, however, have significant losses (large
extinction coefficient), which creates resonance damping showing up as broadening of the
plasmonic resonance, meaning smaller FOM (based on equation (3.2)), and reduction of its
contrast (depth) [6, 21-24, 31, 32, 102]. It is important to note that sensitivity, as defined in
equation (3.1), is not significantly affected by the adhesion layer losses. However, the
resonance broadening and contrast reduction result in lower signal-to-noise ratio in

measurements, decreasing the sensing resolution (equation (3.3)) [103].
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To avoid the sensing degradation caused by lossy adhesion materials, efforts have been made
in the literature including papers suggesting use of oxides such as TiOz, Cr203, and ITO [24-
27]. Alternatively, using a molecular linker, which covalently binds the plasmonic metal on
dielectric substrate, is demonstrated to be a non-damping adhesion layer option [28, 29].
The downside with regards to using a molecular linker is that its deposition time is required
to be long (3 hours to 3 days), as the adhesion performance increases for a longer deposition
time [28]. Another way to avoid the excess losses introduced by metallic adhesion layers in
plasmonic nanostructures is to use a selective deposition technique to reduce the overlap
between the adhesion layer and the plasmonic hotspots of the structure. This is
demonstrated in [30] for nanogap array structure. While this method helps diminish the
effect of adhesion layer losses on the plasmonic performance, it requires additional

alignment steps in the process of fabrication.

In this chapter, MgO is suggested and tested as an alternative low loss adhesion layer. The
effect of different adhesion layers on the plasmonic resonance of different nanostructures is
studied through numerical simulations and compared to the case of MgO adhesion layer. This
is done through initial simulations where bulk material properties are considered for the
adhesion layers (Section 4.2). However, optical properties of thin films can be significantly
different from bulk materials because of larger amount of scattering at the particle
boundaries [104-110]. Therefore, thin-film material data for Ta and MgO for such
simulations is obtained through ellipsometry measurements (Section 4.3), used in a second
set of simulations to provide an experimental estimate, and compared to the cases of other

adhesion materials presented in the literature (Section 4.4). The results show that using an
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MgO adhesion layer has a negligible effect on plasmonic resonance. In addition, MgO is tested
mechanically regarding its adhesion performance, showing its ability to create a strong bond
between substrate and the plasmonic metal. Detailed information on deposition of samples

and utilizing them for mechanical testing is provided in Section 4.5.

4.2 Adhesion Layer Effect on Nanostructures Plasmonic

Resonance Considering Bulk Properties

Material properties of the adhesion layer used in plasmonic nanostructures can negatively
affect the plasmonic resonance, causing broadening, or reduction of contrast in the
resonance spectral feature. Here, initial simulations, where bulk material properties for
adhesion materials are considered, are performed for different adhesion layers. Such
simulations are used to show that MgO has a potential to be used as a low-loss adhesion
material, in terms of its optical properties. Also, the results provide an estimate of effect of
Ta adhesion layer on plasmonic performance. Comparisons with Ti and Cr, the most common
adhesion metals, are made using the simulation results. For this purpose, different plasmonic
nanostructures are studied, as the extent of adhesion layer effect on plasmonic resonance
also depends on the nanostructure geometry and field distribution of the excited plasmonic

mode, which determines the overlap of hotspots with the adhesion layer [30].

The nanostructures used for the study here are dimer nanohole array, nanohole array,

nanodisk array, and bowtie slot antenna array [14, 61, 111, 112], shown in
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Figure 4.1. The designs are based on a 60 nm Au film, except for the case of nanodisk array
where a 20 nm Au film is considered to achieve a relatively sharp resonance for a smaller
period thus reducing the simulation time. For all cases, the Au film is placed on quartz (Si02)
substrate (n = 1.45), the top cladding material is air, and a plane wave normal incidence
(propagation along z direction) polarized along y direction is assumed with resonance
observed in optical transmission spectral response. Design process is performed using finite
element method (FEM) simulations through which the dimensions are set to achieve a
resonance wavelength around A = 710 nm. In the simulations, Au material data from [90] is
used and the Au film is assumed to be fully etched following the nanostructure geometry in

all cases.
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Figure 4.1 Plasmonic nanostructures designed for study of adhesion layer effect on plasmonic resonance: (a)

Dimer nanohole array, (b) Nanohole array, (c¢) Nanodisk array, (d) Bowtie slot antenna array.

The dimer nanohole array and dimer nanohole array structures are designed to support
propagating plasmonic modes, and their designs are done based on the discussions
presented in Chapter 3. The dimer nanohole array supports a WA(0, 1) mode coupled with
SPP(0, 1) mode, similar to the designs presented in Chapter 3, with its field enhancement
peak at the Au/air interface. The designed nanohole array has the SPP(0, 1) mode at the
Au/substrate interface excited. Hence, it has its maximum field enhancement at the Au/SiO2
interface. For nanodisk array, diameter of nanodisk is mainly used to set the resonance
wavelength to the design wavelength. It is noteworthy to mention that increasing the
thickness of Au film decreases the resonance wavelength. Therefore, for a larger Au film
thickness, a larger nanodisk diameter is needed. However, resonance broadening occurs
when increasing the Au thickness due to coupling between the nanodisks in adjacent unit
cells. This can be improved via increasing the array period. The excited mode is an LSPR
mode, forming a dipole-like field distribution across the nanodisk diameter [113]. For design
of bowtie slot antenna array, perimeter of bowtie slot is changed to tune the resonance
wavelength. The excited plasmonic mode mainly originates from LSPR, with its maximum
field enhancement in small gap region of the antenna [114]. It should be noted that the LSPR
modes excited in the designed nanodisk array and bowtie slot array have a larger field

enhancement at the Au/ SiO2 interface due to larger refractive index of Si02 compared to ai.
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Dimensions of designed nanostructures obtained through simulations are shown in Figure
4.2, where the top view for unit cell of each nanostructure is depicted. In terms of resonance
spectral feature, the resonances supported by the dimer nanohole array and nanodisk array
show up as a resonance dip in their transmission spectra (solid lines without markers in
Figure 4.3(a, d)). For the cases of nanohole array and bowtie slot antenna array, however,
plasmonic resonance at the design wavelength creates a resonance peak in their

transmission spectra (solid lines without markers in Figure 4.3(b, c)).
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Figure 4.2 Unit cell top view schematic showing the dimensions of the designed plasmonic nanostructures: (a)

Dimer nanohole array, (b) Nanohole array, (c¢) Nanodisk array, (d) bowtie slot antenna array [32].

As discussed above, depending on the geometry and dimensions, each of the four designed
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nanostructures support excitation of specific type of plasmonic resonance at the design
wavelength with certain field enhancement properties. Therefore, depending on the overlap
of their field distribution with adhesion layer, material properties of adhesion layer affect
their resonance differently. To study the effect of adhesion layer, simulations are done with
adhesion layer of 5nm thickness placed between the SiO: substrate and the Au film,
considering different adhesion materials. The adhesion layer is assumed to be fully etched
in all cases. Adhesion layers of Cr, Ti, Ta, and MgO are studied, where bulk material
properties are used. The bulk material data for Cr, Ti, and Ta is taken from [81], and for MgO
is taken from [85]. Spectral response of the designed plasmonic nanostructures obtained
from such simulations are presented in Figure 4.3.
From these plots, resonance broadening, in terms of linewidth increase, and reduction
resonance contrast (or magnitude) are calculated in percentage. The calculated values are
shown in two separate graphs in Figure 4.4. The linewidth calculated for the nanohole array
and the bowtie slot array is defined as full width at half maximum (FWHM). For nanodisk
array, linewidth is defined as the full width at half depth (FWHD). On the other hand, for the
case of dimer nanohole array, since the resonance under study is a Fano resonance, linewidth
is the difference between the wavelength of resonance and that of the closest local maximum
in its transmission spectrum. In all cases, resonance magnitude is calculated from the
difference between value of transmission local maximum (or minimum), occurring at the

resonance wavelength, and that of its closest local minimum (or maximum).
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Figure 4.3 Transmission spectra of the designed plasmonic nanostructures, with dimensions provided in Figure
4.2, without and with different adhesion layers, obtained using bulk material properties for adhesion layer
material in each case (a) Dimer nanohole array, (b) Nanohole array, (c) Nanodisk array, (d) Bowtie slot antenna

array [32].
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Figure 4.4 Effect of different adhesion layer materials on resonance of plasmonic nanostructures, considering
bulk optical properties and 5nm thickness for adhesion layer, (a) Resonance magnitude decrease (b)

Linewidth increase [32].

Based on the results shown in Figure 4.4 (a), the most affected cases in terms of resonance
magnitude are nanohole array or bowtie slot array nanostructures, depending on the
adhesion material used. Among the results provided here, it can be seen that Cr as adhesion
layer causes the highest reduction in resonance magnitude, causing up to 84% reduction in
resonance magnitude. Among the adhesion materials studied here, MgO is the first in terms
of causing the least reduction of resonance magnitude (less than 3.6% for all four
nanostructures), with Ta being second. Regarding resonance broadening due to presence of
adhesion layer, similar overall trend can be seen in Figure 4.4(b). Among the cases included,
no resonance broadening occurs when using MgO as adhesion layer. In fact, resonance
linewidth decreases when adding MgO adhesion layer to the multilayer stack of the designed

plasmonic nanostructures, leading to 1.2% - 7% decrease in linewidth, depending on the
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nanostructure geometry. On the other hand, Cr causes the highest resonance broadening (up

to 2 X). In addition, Ta causes less broadening, compared to Ti.

Based on the discussion above, MgO causes the least resonance damping (less reduction of
resonance magnitude and less broadening). Furthermore, resonance damping is less for Ta,
compared to Ti and Cr (with Cr causing the highest resonance damping). This is because Ta
has smaller material losses, quantified with its smaller extinction coefficient (k) at the design
wavelength, while Cr has the largest material losses (Figure 4.5). [t is noteworthy to highlight
that the severity of resonance damping is also dependent on the nanostructure geometry.
For instance, among the nanostructures studied here, resonance damping is the least in the
case of dimer nanohole array, since its plasmonic hotspots have the least overlap with
adhesion layer as its field enhancement maximum is at the Au/air interface. The simulation
results provided here show that MgO has potential to be used as low loss adhesion material,
as itdoes not have any negative effect on resonance of plasmonic nanostructures. In addition,
among the metal adhesion materials studied here, Ta is the best choice as it creates less
resonance damping. It should be noted that, however, the simulations here provide a rough
estimate, as they are based on bulk material properties of adhesion materials while in
practice, thin film material properties can be quite different. This will be addressed in the

following sections.
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Figure 4.5 Bulk material optical properties of different adhesion material. (Red curves: Refractive index, Blue

curves: Extinction coefficient).

4.3 Thin Film Material Properties of Adhesion Layer Material

As mentioned earlier in this chapter, optical properties of thin films can be different from
their bulk material properties due to extra scattering which happens at the particle
boundaries. Therefore, to obtain a better estimate of how optical properties of adhesion
layer affect plasmonic resonance in practice, such effects should be included in the numerical
simulations. To address this, and because a major focus of this chapter is to prove MgO as a
low loss adhesion layer, optical measurement of MgO thin film is performed to obtain its
refractive index and extinction coefficient. In addition, to perform a better comparison of
MgO with lossy adhesion materials, Ta thin film is also measured, as it is the best choice

among the metal adhesion layers studied in Section 4.2 in terms of smaller resonance
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damping.

To perform the thin film optical measurements for MgO and Ta, two samples are fabricated
where thin film layers are deposited via magnetron sputtering, in 2 mTorr (0.27 Pa) of Ar
process gas, with base pressure of the system being below 2 x 1078 Torr (2.7 X 10~¢Pa).
The first sample is a quartz substrate / MgO (5 nm) multilayer, and the second sample
consists of quartz substrate / Ta (5 nm) / Au (2 nm) layers (Figure 4.6). Deposition of Ta and
Au films are done via d.c. sputtering, and MgO deposition is performed through r.f.
sputtering. The reason for using a thin Au layer on top of Ta thin film is to prevent Ta from
oxidization. For both samples, before performing the ellipsometry measurements, a
translucent tape was placed on the back of the substrate to minimize back reflection thus

improving the accuracy of measurement.

‘7 Au(2 nm)

| MgO (5 nm) .\ ’ - Ta(5nm)
. ’  Quartz sub ‘ Quartz sub
Figure 4.6 Multilayer structure of fabricated samples used for optical thin-film measurement of MgO and Ta.

The fabricated samples are measured using an ellipsometer, where 70° angle of incidence
and wavelength range of 530 nm - 750 nm is used for the incident beam. To increase
measurement accuracy, an average of 30 scans are taken. For each sample, after obtaining
the optical reflection data, curve fitting is performed to match the data. The curve fitting is
based on a predefined optical model where Cauchy dispersion equation is considered as the
dispersion model for the thin film under study, approximated up to its third term as shown

in the following equations:
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Ny N, (4.1)

n(A)zNo +/1—2+F
K, K 4.2
K()L)=K0+/1—;+/1—f (4.2)

For each thin film under study, values of the coefficients in the Cauchy dispersion equation
(No, Ny, N3, Ky, Ky, K;) are set to achieve the best fit with the measured data, which leads to
an estimate of the refractive index and extinction coefficient of thin film material for each
wavelength (n(4) and k(1)). A second set of spectroscopic measurement is performed using
a Cary-7000 Universal Measurement Spectrophotometer, which confirmed the accuracy of
the calculated Cauchy coefficients up to 900 nm wavelength. Therefore, the thin film data
presented here includes a 530 nm - 900 nm wavelength range, plotted in Figure 4.7 (solid
lines) along with bulk material data in each case (dashed lines). It is clear that Ta in its thin
film form, has higher extinction coefficient compared to bulk Ta, meaning higher optical
absorption (loss). Also, its refractive index is very different from its bulk version. For MgO
thin film, too, refractive index is different from its bulk refractive index. Regarding its
extinction coefficient, at larger wavelengths, thin film values are larger than those for bulk
material. For shorter wavelengths, however, the measured extinction coefficient for the MgO
thin film is smaller and becomes slightly negative. This is because the translucent tape used
on the back of the substrate is not able to eliminate all the back reflections, as MgO is an
extremely transparent material. Considering this and the fact that the measured extinction

coefficient of MgO thin film has a very small magnitude in shorter wavelengths, it is assumed
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to be zero at such wavelengths, when using the data for numerical simulations in the next
section. Next section provides a second study of the nanostructures designed in Section 4.2,
where thin film material data is used for adhesion layer material instead of bulk properties,
to provide a more realistic comparison, and to show that MgO in its thin film form also shows

a good optical performance, not degrading the plasmonic performance.
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Figure 4.7 Thin-film (solid lines) and bulk (dashed lines) optical properties of (a) Magnesium oxide (b)

Tantalum. (Red curves: Extinction coefficient, Blue curves: Refractive index) [32].

4.4 Adhesion Layer Effect on Nanostructures Plasmonic

Resonance Considering Thin Film Properties

The measured optical properties of Ta and MgO thin films, provided in Section 4.3, are now
used in a second set of optical numerical simulations, for the four nanostructures designed
in Section 4.2. The goal is to come up with an experimental estimate to observe how using
an MgO adhesion layer can affect the plasmonic resonance of the nanostructures, compared

to other adhesion materials used in the literature. To achieve this end, thin film material data
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for different adhesion materials is used in COMSOL simulations of the designed
nanostructures, assuming adhesion layer of 5nm thickness in each case. The adhesion
materials studied here besides MgO, include the metals commonly used as adhesion layer
(Cr, Ti, Ta) as well as indium tin oxide (ITO) which is one of the dielectric adhesion materials
used in the literature which has low optical absorption thus expected to create very small
degradation in plasmonic resonance of the nanostructures. As for the thin film material
properties used in the numerical simulations, for MgO and Ta, thin film material properties
obtained from ellipsometry measurements in Section 4.3 are used, which are for 5 nm thick
films, same as the thickness assumed in the simulations. For Cr, Ti, and ITO, thin film data is
taken from [104, 106, 115], which are measurement data for film thickness of 5 nm, 32 nm,
and 17 nm, respectively. Here, for the case of Ti and ITO, it is assumed that such data provide
a good estimate for thin 5 nm-thick films. However, it should be mentioned that optical
properties of thin film materials can highly change with their thickness. In addition,
deposition technique can affect their optical properties. Examples are shown at the end of
this section, in Table 4.1, Table 4.2, and Table 4.3 for thin films of Cr, Ti, and ITO, respectively.
Hence, while the simulation results included in this section provide an experimental

estimate, one should keep in mind that in practice, measurement results may be different.
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Figure 4.8 Transmission spectra of the designed plasmonic nanostructures, with dimensions provided in Figure
4.2, without and with different adhesion layers, obtained using thin film material properties for each adhesion
layer material (a) Dimer nanohole array, (b) Nanohole array, (c) Nanodisk array, (d) Bowtie slot antenna array

[32].
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Figure 4.9 Effect of different adhesion layer materials on resonance of plasmonic nanostructures, considering
thin film optical properties and 5 nm thickness for adhesion layer, (a) Resonance magnitude decrease (b)

Linewidth increase [32].

Using the thin film material data mentioned above for different adhesion layers,
transmission spectrum is obtained for designed nanostructures in Section 4.2 (nanohole
array, dimer nanohole array, bowtie slot array, and nanodisk array), shown in Figure 4.8.
Similar to the study in Section 4.2, resonance damping in each case is quantified by resonance
magnitude reduction and linewidth increase, presented in Figure 4.9. Comparing different
adhesion materials, the order of performance among Cr, Ti, and Ta is changed compared to
the results presented in Section 4.2. This time, Ta causes the largest resonance damping,
quantified with 84% resonance magnitude reduction and more than two times resonance
broadening. This is due to the difference between the thickness and deposition method of
the measured thin films. It is obvious from the simulation results that MgO also in its thin

film form does much better than the metallic adhesion layers, causing no more than 4%
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decrease in resonance magnitude and no more than 2% resonance broadening. In addition,

MgO has a performance comparable to, and even slightly better than, ITO.

Once again, the effect of adhesion layer on plasmonic resonance depends on the
nanostructure geometry and the field distribution of the excited mode. This can be observed
in the results included in Figure 4.8 and Figure 4.9, showing the largest resonance
broadening for the case of nanodisk array and smallest resonance damping for the case of
dimer nanohole array (no more than 4% broadening and no more than 6% resonance

magnitude reduction).

The results presented here further verify that MgO is a good alternative as a low-loss
adhesion material in terms of its optical performance. To prove MgO as a good adhesion
material, it is also necessary to test its adhesion performance, which is discussed in the next

section.

Table 4.1 Effect of thickness and deposition method on optical properties of Cr thin film (4 = 800 nm) [32].

Thickness (nm) n K Reference Deposition Method
5-35 1.54-2.95 1.55-1.1 [104] E-beam evaporation
45-70 1.03-1.45 1.33-1.72 [108] Angle vapor deposition
45 3.16 3.46 [106] Vacuum evaporation
5-114 2.49-3.42 1.09-1.61 [109] Magnetron sputtering
124-173.6 3.31-3.33  0.11-0.19 [110] Thermal evaporation

Table 4.2 Effect of thickness and deposition method on optical properties of Ti thin film (4 = 800 nm) [32].
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Thickness (nm) n K Reference Deposition Method

25 1.54 1.2 [105] Evaporation
32 3.16 4.01 [106] Vacuum evaporation
21-133 0.89-1.94 0.57-0.69 [107] Physical vapor deposition
60 3.28 3.88 [116] Magnetron sputtering

Table 4.3 Effect of thickness and deposition method on optical properties of ITO thin film (4 = 800 nm) [32].

Thickness (nm) n K Reference Deposition Method
10.8-104.4 1.45-1.73 0.02-0.04 [117] Pulsed laser deposition
15-100 1.8-2.14 0.37-4.42 [118] E-beam evaporation
17 1.77 0.005 [115] --
80 1.9 ~0.007 [119] Pulsed DC sputtering
80 1.78 <0.005 [119] Pulsed DC sputtering

(annealed)

4.5 Mechanical Stability of Magnesium Oxide as Adhesion Layer

So far in this chapter, optical performance of MgO was tested, showing its potential to be
used in plasmonic nanostructures while minimally affecting their plasmonic resonance. To
be able to conclude on the fact that MgO can be used as adhesion layer for such structures,

however, one must prove that it is capable of adhering Au onto dielectric substrate. Here,
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MgO adhesion is first tested with regards to adhering a uniform Au thin film onto a dielectric
substrate. To demonstrate mechanical stability of MgO adhesion specifically for
nanoparticles, a second test is performed for fabricated samples of nanohole array and dimer

nanohole array.

Regarding the first step of MgO adhesion testing, two samples of Au thin film (30 nm thick)
with approximately 10 X 10 mm? area are fabricated on Si 100/SiOx (100 nm) substrate, one
without adhesion layer and one with a 3 nm MgO as adhesion layer between the Au film and
the substrate. Deposition method used for MgO and Au films is the same as the ellipsometry
sample used in Section 4.3 for measuring MgO thin film optical properties. Scanning electron
microscopy (SEM) images confirm that the Au layer deposited is polycrystalline in both
samples. To test the adhesion of MgO layer, sonication technique [120, 121] is applied to the
two samples. The reason to choose sonication for testing is, it is the roughest step the
plasmonic devices experience in their process of fabrication or cleaning. Therefore, it can be
used to determine if MgO can strong enough adhesion for the Au layer to survive the
fabrication process. To perform the test, the fabricated samples are placed in separate
beakers of isopropyl alcohol and sonicated for 15 minutes. For the sample without adhesion
layer, the Au layer started to exfoliate near the edges of the wafer, observed by eye. On the
other hand, the sample with MgO adhesion layer shows no changes. This is shown through
inspection of the samples through optical imaging microscopy and scanning electron
microscopy (SEM), shown in Figure 4.10. Afterwards, sonication is continued for 5 more
hours. By the end of this step, it is observed that the Au layer on the sample without adhesion

layer is completely exfoliated. However, the sample with the thin MgO adhesion layer shows
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no signs of Au exfoliation. This confirms that MgO has strong adhesion performance when

used to adhere Au on dielectric substrate.

i/Six(100 n)/u (30 nm) |

(a) (b)

() (d)

Figure 4.10 Images of test samples for evaluation of mechanical stability of MgO as adhesion layer, after 15
minutes of sonication in isopropyl alcohol (a) Optical imaging microscopy of sample without adhesion layer (b)
Optical imaging microscopy of sample with MgO adhesion layer (c) Scanning electron microscopy of sample

without adhesion layer (d) Scanning electron microscopy of sample with MgO adhesion layer [32].

To further test the MgO adhesion performance, in a second step, fabrication of a nanohole
array and a dimer nanohole array is performed while using MgO as adhesion layer. To this

end, a multilayer stack of MgO and Au layers is used (quartz substrate / MgO (3 nm) / Au (60
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nm) / MgO (6 nm) / Au (5 nm) is used). The fabrication process is described in the following.
A single layer positive tone e-beam resist polymethyl methacrylate (PMMA 495A4) is spin
coated on top of the multilayer stack at 3000 rpm. The resist is then prebaked for 15 minutes
at 180C, followed by electron beam exposure at 100 kV with 100uC/cm2 does level (Vistec
EBPG 5000pES E-beam Writer). Afterwards, the resist is developed in standard MIBK:IPA
1:3 solution for 45 seconds, and rinsed by isopropyl alcohol for 30 seconds and N2 blow dry.
At this point, Ar* ion milling is used to etch the exposed parts of the multilayer stack and
create the nanohole patterns in it. Next, to remove the resist, the sample is left in 60C acetone
for 45 minutes, then sonicated for less than 15 seconds. Finally, the sample is rinsed with
isopropyl alcohol, with another brief sonication, then approximately 45 seconds of rinsing

with HPLC water and N2 blow dry.

SEM images of the fabricated nanostructures (nanohole array and dimer nanohole array) are
shown in Figure 4.11. It can be observed that the nanoholes have smooth circular shapes per
expectation, while the samples have gone under several steps of sonication and rinsing. This
confirms that MgO has strong mechanical stability with regards to metallic nanoparticles,

strong enough to have them survive the fabrication process.

It is noteworthy to mention that MgO is hydroscopic, which may potentially interfere with
its adhesion properties. However, in a plasmonic device where it is covered by noble metals
or other stable metals, its exposure to water and the potential damage caused by it is
minimized. For applications where MgO has significant exposure to water, the potential

damage should be evaluated through further study.
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(a) (b)

Figure 4.11 SEM images of fabricated nanostructures using MgO as adhesion layer: (a) Nanohole array, (b)
Dimer nanohole array (fabricated in multilayer stack of quartz substrate / MgO (3 nm) / Au (60 nm) / MgO (6

nm) / Au (5 nm)) [32].

4.6 Conclusion

In summary, MgO is proposed and testing as an alternative low loss adhesion layer. Optical
performance of MgO as adhesion layer is initially studied through numerical simulations,
considering its bulk material properties, confirming its potential as an adhesion layer which
does not negatively affect the performance of plasmonic devices. Furthermore, as thickness
of adhesion layer is typically a few nanometers, thin film optical properties of MgO are
measured via ellipsometry measurements, which confirmed its promise as a low loss
adhesion layer. Furthermore, adhesion performance of MgO is tested using sonication
technique, showing its strong adhesion properties. Finally, mechanical stability of MgO is
further confirmed through utilizing it in the structure of plasmonic nanostructures and

showing that their geometry turns out to be as expected.
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Chapter 5

Parallel Opto-electronic Readout of STT-RAM

5.1 Introduction

In general, readout of random access memory (RAM) cells can be accomplished optically or
electrically [33-38]. Optical readout methods, in specific, have the advantage of improving
the memory performance, increased data transfer rate between memory cells and
processors, and simplifying the readout circuitry. In optical readout schemes, a major
challenge is that optical sources and detectors are typically based on III-V semiconductor
materials such as GaAs and InP [33, 34, 122], which are conventionally considered as being
incompatible with CMOS technology. However, with recent advancements in silicon
photonics, including silicon-based optical components, sources, and detectors, this challenge

may be mitigated [123-126].

For readout of STT-RAM in specific, conventional approach is based on measurement of
tunneling magnetoresistance, which is performed using an electronic readout circuitry. To
achieve the benefits of optical readout mentioned above for STT-RAM, in this chapter, an
optoelectronic readout scheme is proposed and theoretically demonstrated. Such method is
based on optical rectification (OR) in metal layers, which is a second-order nonlinear optical
phenomenon capable of inducing electrical voltage [127, 128]. Hence, there is no need for

addition of the III-V semiconductors used in conventional photodetectors. In the proposed
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readout scheme, a pulsed laser beam illuminates an array of STT-RAM cells and creates an
OR-based photo-induced voltage (OR voltage) across each memory cell (Figure 5.1). The
optically induced voltage is then used as a measure to determine the state of each cell, as its
magnitude is dependent on the memory state (anti-parallel (AP) vs parallel (P)) [42, 43].
Such method simplifies the readout circuitry, since it eliminates the need for current

injection into memory cells.

Optical Beam

L

X

Figure 5.1 Schematic for the proposed parallel optoelectronic readout of STT-RAM cells [43].

As discussed earlier, in Chapter 4, STT-RAM structure includes metals used as electrode
contact layers, which can support excitation of plasmonic modes, offering high sensitivity to
changes in STT-RAM. Similar mechanism can be used to increase the magnitude of OR
voltage and its variation when changing the state of memory cell, which is known as plasmon
drag effect (PLDE) [39-41]. This is beneficial because increasing OR voltage variation with
regards to memory state change facilitates higher memory readout speed, provided that

proper electronic circuitry for voltage measurement is present. It is noteworthy to mention
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that, for correct readout of memory state in each cell, the coupling between memory cells
should be minimized. Therefore, the excited plasmonic mode used here for enhancing the
OR voltage variation with memory state, is based on non-propagating plasmonic mode,
localized surface plasmon (LSP) [42, 43]. As explained in Chapter 1, memory state of STT-
RAM cells reflects on its electrical resistance (or conductivity), which is facilitated by
tunneling effect. As the dielectric barrier (MgO layer) in STT-RAM has much smaller
conductivity than the ferromagnet layers and the metal contact layers, one can assign all the
tunneling conductivity to the MgO layer. This means that for enhancing the OR voltage
change due to change of memory state, the LSP resonance is desired to show strong field

enhancement around the MgO layer.

The organization of this chapter is explained in the following. First, excitation of LSP mode
in STT-RAM multilayer is discussed, followed by description of the model used for
calculation of OR voltage. The calculated OR voltage and its changes with the memory state
change is then shown to follow the plasmonic enhancement. It is explained, subsequently,
that the plasmonic enhancement in variation of the OR voltage with memory state of the cell
improves the potentially achievable readout rate. Next, the effect of changing the dimensions
of STT-RAM array on the excited LSP resonance is explored, which affects the potentially
achievable memory readout rate. Finally, a transparent electrode is added to the structure,

with the purpose of accommodating probing of the STT-RAM cells.
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5.2 Non-Propagating Plasmonic Excitation in STT-RAM

As previously discussed in Chapter 1, the core element of STT-RAM structure is a magnetic
tunnel junction, which includes a ferromagnet/dielectric/ferromagnet multilayer,
sandwiched between two metal layers serving as electrical contact layers. A typical form of
such multilayer in terms of the materials used is Au / CoFeB / MgO / CoFeB / Au, shown in
Figure 5.2. Here, the goal is to excite a non-propagating plasmonic mode, localized surface
plasmon (LSP) resonance, in STT-RAM cells to enable enhancement of the optically induced
OR voltage in each cell. The main reason for choosing a non-propagating plasmonic
excitation is to avoid optical coupling between the memory cells, as the interest is on
performing readout of individual memory cells. Furthermore, LSP is known to be more
sensitive to material changes, compared to propagating plasmonic mode type, surface
plasmon polariton (SPP), is known to be more sensitive to changes in its surrounding
material [129]. This means, it has potential for larger enhancement of the variation of OR

voltage due to switching of memory state in each STT-RAM cell.

Incident Light Au
Impulse

Figure 5.2 Geometry of STT-RAM cell as the unit cell of STT-RAM array shown in Figure 5.1 [43].
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To excite the LSP mode, and to show its contribution to enhancement of OR effect to be used
for readout of each memory cell, the STT-RAM array is designed to support LSP resonance
around 1.5 ym wavelength. The simulation tool used for performing such design, as well as
further studies in this chapter, is COMSOL Multiphysics 5.6. In this section and for the rest of
this chapter, optical illumination is modeled as a linearly polarized (along y direction)
normally incident plane wave, as shown in Figure 5.2. To reduce the simulation time and
based on symmetry of the unit cell with respect to its yz symmetry plane, only half of the
unit cell is defined in the simulation geometry. To account for the other half of the unit cell
as well as periodicity of the array along x direction, perfect magnetic conductor (PMC)
boundary conditions are defined on boundaries of the simulation domain which are parallel
to yz plane. For periodicity along y direction, perfect electric boundary condition (PEC) is
defined on the simulation boundaries parallel to xz plane. Regarding the material data used
in the simulations, refractive index of MgO is set to 1.73 based on the measurement data
reported in [85]. For Au, material data is taken from [90], and for CoFeB layers, thin-film
material data presented in [83] is used. It should be noted that the thin-film data given in
[83] for CoFeB includes only up to 1.6 um wavelength, which is extrapolated for up to 1.8 um
for simulations here. Moreover, it is important to note that the effect of film thickness on the
optical properties of the thin film layers in the structure of STT-RAM is ignored in the

analyses throughout this chapter.

For increasing the variation of OR voltage with regards to memory state change, the excited
plasmonic mode should have strong optical absorption at the design wavelength, which can

be identified as a peak in the absorption spectrum of the STT-RAM array. Furthermore, a the
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excited LSP mode should provide strong field localization in the MgO layer, where the
changes of the memory state will be modeled. As initial demonstration, design of STT-RAM
array is performed for excitation of an LSP mode around the 1.5um design wavelength. There
are two design dimensions that are used to achieve a strong LSP resonance: nanodisk
diameter (d), which is used for tuning the resonance wavelength, and the array period (p),
which affects the resonance strength as its value specifies the fill factor of the memory cell
while d is kept fixed. Other dimensions of the STT-RAM array include thickness of different
layers. Thickness of MgO and CoFeB layers are chosen based on typical values used in STT-
RAM cells (ty g0 = 2 nm, teopep = 0.9 nm). For the Au ground plane, thickness is set to t =
100 nm, much larger than Au skin depth (< 23.5 nm throughout wavelength range of the
simulations here), which helps achieve a strong resonance (meaning strong field
localization), as it does not allow coupling of light to the Au/substrate interface. This also
simplifies the simulation as there is no need to consider the substrate in the simulations,

resulting in reduction of simulation time.

For the designed STT-RAM array, optical absorption spectrum obtained from numerical
simulations is presented in Figure 5.3 (a), having a peak at the design wavelength (1.5 um),
which shows the plasmonic resonance. In addition to absorption spectrum, spatial average
of the electric field magnitude (|E|) throughout the MgO layer, normalized to the electric field
of the incident plane wave, is plotted in (red curve in Figure 5.3(a)), which has its peak
wavelength close to the wavelength of peak absorption. This confirms that the excited
plasmonic mode creates field enhancement in the MgO layer, which is where the

magnetoresistance of the memory cell is assigned to. Moreover, electric field distribution at
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the plasmonic resonance wavelength, plotted in Figure 5.3(b), confirms that field localization
mainly occurs in the MgO layer. This is desirable, as it facilitates enhancement of the changes
in OR voltage when changing the memory state. Details regarding modeling of OR voltage in
STT-RAM cells and its enhancement due to plasmonic resonance is presented in the next
section. Itis important to note that optical absorption coefficient and field enhancement both
have their resonant peaks around the same wavelength. Therefore, one can use only one of
them for designing the structure for achieving a strong plasmonic resonance. For the studies

included in the rest of this chapter, absorption spectrum is used for this purpose.
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Figure 5.3 Results of numerical simulation for STT-RAM array (a) Spectra for absorption coefficient (blue
curve) and average of electric field magnitude normalized to electric field of incident light (red curve) (b)
Electric field distribution over cross section of a unit cell at wavelength of plasmonic resonance (STT-RAM
array dimensions are: p =200nm,d = 100 nm,ty, = 60 nm, tcopep = 0.9 nM, tygo = 2 nm,t = 100 nin)

[43].
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5.3 Optical Rectification-Based Photo-Induced Voltage in STT-

RAM

The OR voltage across each memory cell in STT-RAM array, can be calculated through a
simplified derivation of Euler’s equation of fluid motion for electrons’ dynamics [130],

provided in [128]:

1 lal . _ . (5.1)
Vor zn(o)q - (Z) U \7|E| )+ B, @) 2

where n(® stands for the Oth-order electron density in each metal layer, q is the electric
charge of single electron (1.6 X 1071°(), a is the electric polarizability in the metal layer, and
ag stands for its real part. A,(z) is the xy cross sectional area of the unit cell at each z point,
71(z) is the unit vector perpendicular to the surface of the metal layer pointing outwards, and
|E‘(z‘)l| is normal component of optical electric field to the surface of the metal layer, at a
depth designated by the metal Thomas-Fermi screening length (lrz), which is the

exponential scale length for charge screening.

To calculate the OR voltage (Vyz) across each memory cell in STT-RAM array, COMSOL
Livelink with MATLAB is used to define several cut planes parallel to xy plane across the
thickness of each metal layer. Such cut planes are used to record the electric field data from
running the optical simulation. The recorded data is then post-processed based on equation
(5.1), to calculate the voltage induced in each metal layer of the memory cell. This is followed

by summing the obtained voltage values to find the total OR voltage in the memory cell. To
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utilize equation (5.1) for calculation of Vg, in addition to the optical electric field data,
additional material parameters are needed (@, n(?, and l;z). Value of & can be calculated
from the optical material data used in optical simulation (data same as Section 5.2.), i.e,,

refractive index (n) and extinction coefficient (k), as:

a=g((n—jrK)?-1) (5.2)

Regarding the parameters n(®) and Iy, for Au layers, n(® = 5.9 x 10?® m=3 is used [131],
based on which its Thomas-Fermi screening length is obtained using the following equation

[132]:

1 a3 (5.3)

lTF ~ (0))1/6

where a, is the Bohr radius, which is the mean radius of the electron orbit in a hydrogen
atom at its ground state (a, ~ 5.29177 x 1071 m). Based on this equation, for Au, Thomas-
Fermi screening length is calculated to be Iy = 0.583 A. For CoFeB layers, the two
parameters n(® and I, are approximated with those for Iron (Fe), n(® = 17 x 1028 m~=3
and Iy = 1.3 A [133]. Such approximation is acceptable for the case of Coz0Fes0B20 which is

one of the typical forms used in the structure of MT]s and has Fe as its major component

[134].

To showcase the enhancement effect of plasmonic resonance on the V,; in each STT-RAM
cell, equation (5.1) is used to calculate the V, induced in each cell of the STT-RAM array
designed in Section 5.2. For such calculation, a reasonable assumption regarding the incident
power and intensity should be made. Here, and for the rest of this chapter, an incident pulsed
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laser with a 3 kW peak power and a beam area of 20um X 20um is assumed to illuminate
the STT-RAM array. The results of the V,p calculation is included in Figure 5.4, where its
plasmonic enhancement is clear, as it has a maximum at the plasmonic resonance

wavelength (around 1.5 pm).
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Figure 5.4 Optical rectification voltage induced in each cell in the STT-RAM array designed in Section 5.2,
calculated from postprocessing of optical simulation results based on equation (5.1). (Incident pulsed laser
with 3 kW peak power and beam spot area of 20um X 20um is assumed. STT-RAM array dimensions are: p =

200 nm,d = 100 nm, ty, = 60 nm, teopep = 0.9 NM, tyyo = 2 nm,t = 100 nm) [43].

5.4 Photo-Induced Voltage as a Measure for STT-RAM Memory

State

The optically induced V,y in each cell of STT-RAM array can be used to determine their
memory state individually. To demonstrate this, memory state of should be considered in

the optical model for numerical simulation use for calculation of Vg, described earlier in
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Section 5.3. As explained in Chapter 1, memory state of STT-RAM cells changes its resistance,
with parallel (P) state of memory cell showing a smaller resistance and anti-parallel (AP)
state showing a larger resistance. Resistance value of STT-RAM in each state can be
introduced as a conductivity value in its MgO layer, in the optical simulation of STT-RAM
array. Such modeling approach is correct, as typical conductivity values, which are obtained
later in this section, are much smaller than conductivity of CoFeB [135] and Au [136] layers
(more than four orders of magnitude difference). To calculate the conductivity values to
assign to the MgO layer in each state of the memory cell, measurement data of a fabricated
STT-RAM cell, reported in [137] as resistance area (RA) product of RA = 2.9 Qum? and
tunnel magnetoresistance (TMR) ratio of TMR = 165 %, is used. Conductivity of the MgO

when memory cell is in P state (op) can be calculated based on the following equation:

 tugo (5.4)
9% = RA

Based on this equation and using the values of RA = 2.9 Qum? and MgO layer thickness

(tmgo = 2 nm), the conductivity to be assigned to the MgO layer to model the P state is op ~

690 S.m™1. Having this value and using the formula below for TMR,

TMR = 2P %P (5.5)
Oap

the conductivity value for MgO layer at AP memory state is found to be op ~ 260 S.m™1,

To quantify the variation of OR voltage due to memory state change of STT-RAM (AV,R), the
calculated conductivity values for MgO layer at P and AP states are used in two separate

optical numerical simulations followed by postprocessing to calculate the OR voltage, as
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previously described in Section 5.3. The result of such calculation is presented in Figure 5.5
for the same STT-RAM array design discussed in Sections 5.2 and 5.3. It can be observed,
from the plot in Figure 5.5 that the peak of AV, occurs around the plasmonic wavelength,

with its value being AVpg max = 27.26 uV.

30

AV gp (V)

1.3 1.4 1.5 1.6 1.7 1.8
Wavelength ( um)

Figure 5.5 Theoretically calculated OR voltage change with memory state change of each cell in the STT-RAM
array designed in Section 5.2 (Incident pulsed laser with 3 kW peak power and beam spot area of
20pum x 20um are assumed. STT-RAM array dimensions are: p = 200 nm,d = 100 nm, ty, = 60 nm, tcppep =

0.9 nm, ty g0 = 2 nm,t = 100 nm) [43].

5.5 Potentially Achievable Memory Readout Rate

Having calculated the value of AV,p and its peak value, one can obtain the maximum
achievable memory readout rate when using the proposed STT-RAM parallel optoelectronic
readout method. Having the AV, value, memory readout rate is calculated via determining
the maximum incident laser pulse repetition rate which can differentiate between the two

memory states and multiplying it by the number of STT-RAM cells (N) illuminated by the
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incident laser pulse. The maximum permissible pulsed laser repetition rate is defined by the
detection bandwidth (BW) required for detecting the OR voltage change as:

1 (AVﬂ)z (5.6)

BW = <Nr\NEP

where the value of AV, is found from optical simulations, SNR is the signal-to-noise-ratio
intended for the system, and NEP is noise equivalent power of the system, which includes

thermal and magnetic noise of MT], and the noise introduced by the readout circuit.

It is clear from equation (5.6), that the value of AV, directly affects the speed of readout,
meaning an increase in its value increases the readout rate. Therefore, plasmonic
enhancement of AV, discussed earlier in Section 5.4 can increase the maximum achievable
memory readout rate. For example, one can use equation (5.6) to quantify the effect of
plasmonic enhancement on the maximum achievable memory readout rate for the designed
STT-RAM array discussed in Sections 5.2-5.4 as a 288-fold increase when comparing to the
off-resonance wavelength of 1.3 um wavelength. As mentioned above, the number of
memory cells illuminated by the incident pulsed laser (N) also has a direct effect on
maximum achievable memory readout speed, and it can be calculated via dividing the beam
area (spot size) by the area of one unit cell. For example, the 200 nm period of unit cell in the
designed STT-RAM array in Section 5.2, along with the assumption of 20um X 20um spot
size, means 10000 memory cells are activated per laser pulse. This has potential to further

increase the memory readout rate.

As discussed in Section 5.1, the proposed optoelectronic readout method here is based on
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PLDE (or plasmonic enhancement of OR voltage). PLDE is known to be a very fast
phenomenon (femtosecond scale) [138]. Therefore, it can easily respond to pulsed lasers
with their pulse repetition rate in the MHz range. However, in terms of electronic
measurement of the photo-induced voltage in the cells, the total noise performance (NEP)
of the system puts an upper limit on the number of cells that can be measured in parallel. In
this dissertation, no assumptions are made regarding NEP of the system and the maximum
number of cells measurable in parallel. The focus here is solely on estimating the PLDE-based
photo-induced voltage in STT-RAM cells and quantifying the contribution of plasmonic

enhancement to a higher potentially achievable memory readout rate.

5.6 Designing STT-RAM Array Dimensions for Increased Photo-

Induced Voltage

To increase the maximum potentially achievable readout rate for the proposed
optoelectronic readout method, based on the discussion in the previous section, one should
increase the maximum value of AV, g, which occurs around the plasmonic resonance and is
notated by AVyg max here. This can be done through increasing the incident laser peak power
or changing the design dimensions to further the plasmonic enhancement of AV,;. Before
focusing on the effect of design dimensions on plasmonic resonance and enhancement of
AVpg, study of how incident peak power affects the AV 1,14, is presented. Next, the effect of
changes in the dimensions of STT-RAM should is studied. In these studies, the incident laser
peak power is fixed at 3 kW (except for studying the effect of incident peak power) and the
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illumination area is assumed to be 20um X 20um. The main design dimensions to be varied
are the cell diameter (d), Au nanodisk thickness (t,, ), and array period (or unit cell period)
(p)- Furthermore, since asymmetry is known to cause enhancement of the OR voltage [128],
thickness of CoFeB layers (tc,rep) is changed, one at a time, to see if the additional
asymmetry created can further enhance the value of AVjyg 4. Thickness of MgO layer is kept
constant, at ty 4o = 2 nm, which is typical for STT-RAM. The focus of the study in this section
is on making the plasmonic resonance stronger and observe its effect on the enhancement

of AVpr max Which subsequently contributes to the memory readout rate.

5.6.1 Effect of Incident Peak Power

To show the effect of incident peak power on AVpgrmayx, the designed STT-RAM array
discussed in Sections 5.2-5.45.5 is used, with the same design dimensions. For this study, the
illumination spot size is kept constant, and the incident peak power is varied from 1 kW to 5
kW, meaning the incident intensity is increased. Utilizing the model described in Sections 5.3
and 5.4, Vormay Is calculated for P and AP states of the memory cell, and AVyg may is
calculated from their difference. Results of Vyg 14, calculation are provided in Figure 5.6(a),
showing a linear dependency on the incident peak power. This is in accordance with the
expectation for optical rectification phenomenon, which is the underlying effect for creating
the photo-induced voltage in each memory cell [139]. Such linear trend is also present in the

AVor max plot shown in Figure 5.6(b), which results in a quadratic trend for the maximum
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potentially achievable memory readout rate, as it is proportional to (AVpg max)* based on

equation (5.6).
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Figure 5.6 Effect of changing peak power of the incident laser pulse illuminating the STT-RAM array on (a)
Maximum OR voltage in each memory cell for anti-parallel and parallel memory states (b) Change in the
maximum OR voltage in each memory cell due to memory state change (Illumination area of 20um X 20um is
assumed. STT-RAM array dimensions are: p = 200 nm,d = 100 nm, t4, = 60 nm, tcopep = 0.9 M, tygo =

2nm,t = 100 nm) [43].

5.6.2 Changing Unit Cell Period

Now that the effect of incident laser peak power on the OR voltage and potentially achievable
readout rate is explored, the effect of changes in the dimensions of STT-RAM should be
studied as well. This is important because changing the dimensions may increase the
strength of plasmonic resonance, which in turn enhances the AVpg 4, in each memory cell

thus increasing the potentially achievable memory readout rate. Firstly, effect of changing
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the unit cell period (p) is studied. Changing p directly changes the fill factor of nanodisks in
the unit cell. An increase in p results in smaller fill factor, which in turn reduces the peak
value of absorption coefficient, meaning the plasmonic resonance is weakened. This is shown
in Figure 5.7(a) (the red curve). It is also noteworthy to mention that for p values larger than
a critical value (p = 150nm), changing p does not affect the plasmonic resonance
wavelength (blue curve in Figure 5.7 (a)). This is in accordance with the assumption that the
excited plasmonic mode is a non-propagating LSP mode (as mentioned in Section 5.2). For
p = 150 nm, a slight red shift of resonance wavelength can be observed, which is due to
minor coupling between the memory cells. Since the focus here is on memory readout, the
OR voltage created in each cell should only be affected by the memory state of it, not its

adjacent cells. Therefore, value of p should be large enough to avoid inter-cell coupling.
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Figure 5.7 Effect of changing the unit cell period of STT-RAM array on (a) Plasmonic resonance wavelength and
absorption peak (b) Change in maximum OR voltage in each memory cell of the array due to its memory state

change, and its normalized value to the unit cell area (Incident pulsed laser with 3 kW peak power and beam
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spot area of 20um X 20um are assumed. STT-RAM array dimensions are: d = 100 nm, ty, = 60 nn, teppep =

0.9 nm, ty g0 = 2 nm,t = 100 nm) [43].

While it is observed that the LSP resonance in STT-RAM cells weakens when the value of p
is increased (due to reduction of absorption peak), larger p values result in increased
AVor max (blue curve in Figure 5.7 (b)). This is merely due to the incident intensity being kept
constant when changing p, using the 3 kW peak power and 20pum X 20um illumination array
assumption for the incident laser beam, as mentioned earlier. This means the incident power
per unit cell becomes larger when increasing the unit cell period, contributing to increased
AVor max- To verify this, another set of data is generated by normalizing AVg 4, to the unit
cell area, plotted as the red curve in Figure 5.7(b), showing a reducing trend with increase of
p. In addition, one should note that the number of memory cells illuminated by the incident
laser pulse becomes smaller for a fixed beam area when increasing p. Therefore, to evaluate
the overall effect of p on the maximum potentially achievable readout rate, N X (AVpg max)?
can be used as a measure, based on the discussion in Section 5.5, plotted in Figure 5.8. It can
be observed when increasing p, this parameter first increases then decreases, with its peak
value at p = 250 nm. Therefore, to achieve a higher potentially achievable readout speed,

too small or too large values for p should be avoided.
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Figure 5.8 Plot of N X (AVyg max)? versus unit cell period, as a measure for evaluating the effect of changing the
unit cell period on maximum potentially achievable memory readout rate (Incident pulsed laser with 3 kW
peak power and beam spot area of 20um X 20um are assumed. STT-RAM array dimensions are: d =

100 nm, t4,, = 60 nm, topep = 0.9 nM, ty g0 = 2 nm, t = 100 nm) [43].

5.6.3 Changing Nanodisk Diameter

Besides the unit cell period, nanodisk diameter (d) is also a major design parameter, which
is the main decision-maker for setting the resonance wavelength, creating a red-shift when
increased (blue curve in Figure 5.9(a)). This matches the theoretical expectation, as the value
of d sets the limit for confinement of the optical field component along y direction, which is
the main field component of the incident field and the excited LSP resonant mode. Moreover,
increasing d results in larger optical absorption peak values, as shown in Figure 5.9(a),
meaning stronger plasmonic resonance. This is because the fill factor of the nanodisks in
each unit cell of the STT-RAM array increases with increasing d. Although an increase in d

value leads to a stronger resonance which is expected to create a larger value of AVyp pqx as
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explained in Section 5.3, it also increases the cross-section area, 4,, appearing in equation
(5.1), which has a reducing effect on AVpgmqay. These two contradictory effects, when
combined, result in optimal value of d = 100 nm providing largest AVyg 4y, Which in turn

increases the maximum potentially achievable memory readout rate. This is shown in Figure

5.9(b).
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Figure 5.9 Effect of changing the nanodisks diameter of memory cells in STT-RAM array on (a) Plasmonic
resonance wavelength and absorption peak (b) Variation of maximum OR voltage in each memory cell of the
array due to its memory state change (Incident pulsed laser with 3 kW peak power and beam spot area of
20pum x 20um are assumed. STT-RAM array dimensions are: p = 200nm, ty, = 60 nm,teopep =

0.9 nm, tyg0 = 2nm,t = 100 nm) [43].

5.6.4 Changing Thickness of Gold Nanodisk

Thickness of the Au nanodisk also affects the plasmonic resonance strength. A larger t4,

value can offer more confinement of electric field around the MgO layer, which means larger
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variation of in each cell when changing their memory state. Results of simulations where the
value of t,, is changed, is shown in Figure 5.10(a). It can be observed that increasing t,,,
decreases the LSP resonance wavelength. It also increases the absorption peak, meaning a
stronger plasmonic resonance. In both curves, changes are more significant for t,, values
smaller than a critical value (t4,, < 60 nm), which is because of Au skin effect. Strengthening
of plasmonic resonance due to increase of t4,, leads to increase of Vg 4, variation with the
memory state, as it increases the field localization in the MgO layer, which is where the
memory state change is modeled. Theoretical demonstration of this is performed through
calculation of AVppmar based on numerical simulations. The results show that as t,,
increases, value of AVpg 4y also increases (Figure 5.10(b)), showing convergence to 31 uV

when the Au thickness increases up to t,,, = 105 nm.
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Figure 5.10 Effect of changing the nanodisks diameter of memory cells in STT-RAM array on (a) Plasmonic
resonance wavelength and absorption peak (b) Variation of maximum OR voltage in each memory cell of the
array due to its memory state change (Incident pulsed laser with 3 kW peak power and beam spot area of

20um x 20um are assumed. STT-RAM array dimensions
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0.9 nm, ty g0 = 2nm,t = 100 nm) [43].

5.6.5 Changing Thickness of CoFeB Layers

The final design dimension to check, to see if further enhancement of AV 14, resulting in a
larger maximum potentially achievable readout speed is possible, is the thickness of CoFeB
layers (tcoreg)- Since asymmetry is known to play a role in enhancement of the OR voltage
[128], enhancement of AVg 4, may be achieved when changing the thickness of one CoFeB
while keeping the thickness of the other CoFeB layer constant. This is done here by changing
the thickness of the CoFeB layer placed on top of the MgO layer shown in Figure 5.2
(tcore,top) from 0.9 nm to 1.8 nm while keeping the thickness of the bottom CoFeB layer
fixed at tcorep pottom = 0.9 nm. The 0.9 nm — 1.8 nm range is selected based on typical
thicknesses used for STT-RAM. The results of numerical simulations and calculations are
presented in Figure 5.11. The plasmonic resonance wavelength is observed to show only a
slight change for largest value of t¢opep top included in the study here. A more noticeable
change is reduction of absorption peak, meaning a weaker plasmonic resonance, when
increasing the value of t¢,pep op- This is caused by the material optical losses in CoFeB, which
is simply increased by increasing its thickness. At the same time, AVpg 4, decreases with
increase of tcorpep, top, Which in turn decreases the potentially achievable memory readout
rate. This means that the effect of optical losses introduced by the additional thickness of top
CoFeB layer, is superior to the possible effect of the increased asymmetry. Very similar effect
is observed when increasing thickness of the top CoFeB layer while keeping tcopep top

constant (results not included here to avoid repetition).
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Figure 5.11 Effect of changing thickness of top CoFeB layer of memory cells in STT-RAM array on (a) Plasmonic
resonance wavelength and absorption peak (b) Variation of maximum OR voltage in each memory cell of the
array due to its memory state change (Incident pulsed laser with 3 kW peak power and beam spot area of

20pum X 20um  are assumed. STT-RAM array dimensions are: p =200nm,d = 100nm,t,, =

60 nM, teopen pottom = 0.9 MM, tygo = 2 nim, t = 100 nm) [43].

5.7 Addition of Transparent Electrode to STT-RAM Array

After choosing the dimensions of the STT-RAM array to achieve larger AVpg max, effect of
adding a top electrode layer for facilitating the probing of photo-induced OR voltage in each
memory cell should be explored. Such electrode layer would connect the OR voltage to the
electronic circuitry used for its measurement. For this purpose, in addition to being
electrically conductive, it is necessary for the electrode layer to be optically transparent, to
avoid absorption of the optical illumination and assure efficient excitation of LSP mode in

each cell. In specific, indium tin oxide (ITO) is known as a transparent conductive material,
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owing to it negligible optical absorption [117, 140]. Therefore, here the impact of using an
ITO electrode layer, placed on the Au nanodisk, on the value of AV, in STT-RAM array is
studied (Figure 5.12). To create mechanical support for the ITO electrode, the space around
the nanodisks between the ITO electrode and the Au ground plane at the bottom of unit cell
is filled with SiOa. It is noteworthy to mention that as previously explained in Section 5.5,
AVyr is studied as it directly affects the potentially achievable memory readout rate

(equation (5.6)).

Incident Light
Impulse o E

ITO
// Sio,

Figure 5.12 STT-RAM unit cell, with ITO electrode, as an optically transparent top electrode, and the SiOz spacer

added (The orange layer shows the MgO barrier layer, and the green layers are CoFeB layers.) [43].

The STT-RAM dimensions used for the study here are listed in the caption of Figure 5.13,
which provide the highest AVyg 4, value among the cases studied in the previous section
(Section 5.6). Numerical simulation of the STT-RAM array with the ITO electrode layer and
the SiO2 spacer is performed, assuming a thickness for the ITO layer, where ITO optical
material data reported in [117] are used. and ITO layer thickness is set to 10 nm. Using the
model described in Sections 5.3 and 5.4, variation of OR voltage in each cell (AVyg) with

memory state change is calculated for different wavelengths around the wavelength of LSP

101



resonance. To consider the OR voltage induced in the ITO layer in such calculations, Thomas-
Fermi screening length of 7z = 1.4 A and electron density of n(® = 102’m~3are considered

for ITO, based on the data reported in [140].

The results of numerical simulations are presented in Figure 5.13, including the absorption
spectrum without and with presence of the ITO electrode and the SiO2 spacer, and the OR
voltage change with changing memory cell state when the ITO electrode and SiO2 spacer are
present. Looking at the absorption spectra (blue curves in Figure 5.13), addition of ITO and
SiO2 layers results in 30 % increase of the absorption peak, meaning an enhancement of
resonance strength, leading to stronger field localization around the MgO layer where the
memory state is modeled, as explained in Section 5.4. This in turn increases peak value of
AV,r, which facilitates larger potentially achievable memory readout rate. Such increase is
quantified through calculation to be around 32 % resulting in the peak value of AV, to be

AVor max~41 uV (red curve in Figure 5.13).

Performing further simulations (results not included here), it is verified that stronger
plasmonic resonance and larger AVpgmq, When ITO top electrode and SiO2 spacer are
present, is mainly because of the SiO2 spacer added around the memory cells, as it increases
the refractive index around the nanodisks, helping achieve further localization of the electric
field. It should be noted that addition of the SiO2 spacer also creates a small red shift in the
resonance wavelength. In addition, the effect of adding ITO electrode is minor, since ITO has
negligible optical absorption. It is noteworthy to quantify the effect of plasmonic

enhancement on the value of AV, as it affects the maximum potentially achievable memory

102



readout rate. The AV,r plot provided in Figure 5.13 (red curve), shows plasmonic
enhancement by a factor of ~20 when compared to the off-resonance case of 1.3 um
wavelength. Based on equation (5.6), this translates into an increase in the potentially

achievable readout speed by a factor of > 400.

~ - without ITO, SiO,,
0.8|——with ITO, SiO,
—E-with ITO, SiO,

Absorption Coefficient
A VOR (V)
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Figure 5.13 Optical absorption coefficient of STT-RAM array without and with ITO top electrode and SiO2
spacer around each memory cell (blue curves), and OR voltage change of STT-RAM array with ITO electrode
and SiO2 spacer included (red curve) (Incident pulsed laser with 3 kW peak power and beam spot area of
20pum x 20um are assumed. STT-RAM array dimensions are: p = 200 nm,d = 100 nm, ty, = 105 nm, toppep =

0.9 nm, ty g0 = 2 nm,t = 100 nm) [43].

It is important to note that depending on the incident laser pulse repetition rate, the
AVor max~41 uV may be too small to achieve negligible reading error when performing
measurement of AV, in practice. For example, to perform a reliable measurement for a
MHz-range laser pulse repetition rate, typically the voltage difference between the two
memory states should be in the millivolt scale. Through changing the key parameters of the

plasmonic nanostructure geometry (shape and dimensions), the voltage difference may be
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increased further. For example, other plasmonic nanostructures such as nanodisk dimers,
bowtie antennas may be used, and optimization algorithms can be implemented, to achieve

further plasmonic enhancement [14, 141].

5.8 Exploring Possibility of Memory Loss

When evaluating a memory readout method, in addition to estimating the achievable
readout rate, possibility of unwanted switching or loss of the data stored in the memory cells
should be investigated. For the optoelectronic readout method proposed in this chapter, as
the memory cells are exposed to pulsed laser illumination for performing readout of their
state, possibility of all-optical switching (AOS) should be explored. In STT-RAM cells, AOS
may occur through magnetization change in one of the two ferromagnetic layers (the free
layer). This can happen via the so-called inverse Faraday effect, or through thermal effects

[142, 143].

Inverse Faraday effect is a phenomenon through which a high intensity laser illumination

induces a static magnetization, M(®), based on the following equation [142]:

__X . (5.7)
M©® = oo (E(w) X E*(w))

where E(w) is the electric field of the incident optical beam at frequency w, E*(w) is its
complex conjugate, and x is the magneto-optical susceptibility of the magnetic material.
Based on this equation, if the incident beam has a linear polarization, it will apply zero

magnetization to the magnetic layers in STT-RAM, meaning it cannot change the
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magnetization of the free layer in it. As a result, considering that the incident beam assumed
for the proposed optoelectronic readout for STT-RAM is linearly polarized, no state change

of STT-RAM cells can occur through the inverse Faraday effect.

On the other hand, thermal demagnetization may still happen in the memory cells for linearly
polarized incident light [144], causing unwanted loss of the stored data in them. To evaluate
such possibility for the proposed optoelectronic readout method, initial estimate of laser-
induced heating in the memory cells is performed assuming an incident pulsed laser with
pulse width of 1 ps, and wavelength of 1550 nm. Other assumptions are incident laser peak
power of 3 kW and beam area of 20 um X 20 um (same as assumptions in previous sections
of this chapter), and the STT-RAM array design provided in Section 5.7 (shown in Figure
5.12) is considered for the thermal evaluation modeling. Considering a rectangular pulse,

these values result in a 3 nJ total pulse energy, which means 0.3 pJ per memory cell.

Since the laser pulsed width is in the order of picosecond, accurate estimation of the
temperature increase in the structure requires the fundamental investigation of non-
equilibrium processes between electron and phonons, which is usually done via the two-
temperature model (TTM), which models thermal excitation of electrons and then an
increase due to lattice temperature due to electron-phonon coupling, which happens in a
picosecond time scale [145, 146]. However, to get a rough estimate of the temperature
increase numerical analysis using COMSOL Multi Physics 5.6 is performed. Since the MT] cell
structure in the designed STT-RAM array (Figure 5.12) mainly consists of gold, which has

the lowest specific heat (the heat required to raise the temperature of unit mass of a
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substance by one degree Celsius), one can make a conservative estimate of temperature
increase in the structure based on temperature increase in gold. Furthermore, 100 % of the
incident laser energy is assumed to be turning into heat. Based on these assumptions, about
13 K increase in temperature is calculated. This is the worst-case scenario, since many
materials do not respond in such a short time period in terms of heat generation. It should
be noted that in the model used here, heat dissipation to the surrounding media and
transient dynamics of heating is not properly considered, so the actual temperature increase
will be smaller than 13 K. Since 13 K increase will not make the total temperature of the
structure close to the Curie temperature (the critical temperature above which the material
magnetism is lost) of CoFeB thin films in STT-RAM, which is measured to be 728 K for a
1.1 nm-thick CoFeB layer [147], the temperature increase will not be detrimental to the
magnetic state of the memory cells. The results published in [148] estimate the temperature
variations to be about 100K when a 200 nm-thick Au film was illuminated by a 1053 nm
pulsed laser with 50 mJ/cm? fluence and 140 fs pulse width. Since a much smaller laser
fluence is used in the thermal modeling here (0.75mj/cm?), the calculated 13 K
temperature rise from the simplified model explained here is a conservative estimate.
However, future study should be done regarding more rigorous modeling that considers the
effect of nanostructure shape and thermal resistance of the material interfaces in the

multilayer to obtain an accurate estimate of thermal response in the proposed system.
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5.9 Conclusion

In conclusion, parallel optoelectronic readout of STT-RAM cells based on plasmonic
enhancement of optical rectification in metal layers of STT-RAM is proposed, to achieve
simplified readout circuitry without requiring addition of III-V semiconductors for
optoelectronic conversion (like in conventional photodetectors). In this approach, a single
optical beam from a pulsed laser source enables parallel activation of STT-RAM cells in
placed in the form of an array of memory cells. Based on 2rd-order nonlinear phenomenon
called optical rectification (OR), the incident optical power creates a photo-induced voltage
across each memory cells, which is shown to be dependent on the memory state of each cell.
The change in the OR voltage when changing the state of each memory cell determines the
potentially achievable memory readout rate for the proposed method, assuming the
matching electronic circuitry can be accommodated for voltage measurements. To enhance
the achievable readout rate, plasmonic excitation is used. The effect of STT-RAM array
dimensions on such enhancement is studied. The plasmonic enhancement is shown to
provide ~20 times increase in the OR voltage change, resulting in increase of achievable
readout rate by a factor of more than 400. Furthermore, an ITO electrode layer is added to
the structure of STT-RAM to accommodate probing of the voltage in practice. Finally, a
simplified numerical simulation is performed to roughly estimate the possibility of
unwanted data loss in the memory cells due to pulsed laser illumination, showing the laser
energy used in the proposed method is unlikely to change the magnetic state of memory cells.

Further study should be performed to obtain an accurate estimate.
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