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ABSTRACT

Photocathodes play an important role in present large accelerator facilities by
providing polarized or un-polarized electron beams. Current state-of-art high
polarization photocathodes consist of strained super-lattice GaAs based
photocathodes, e.g. GaAs/GaAsP has a quantum efficiency ~1% and
polarization ~90% at near-infrared wavelength for the incident light. Despite
the advantages offered by metallic photocathodes regarding longer life time,
fast response time and low requirements of ultra-high vacuum environment,
they have not been put to use due to their low quantum efficiency, even
though one can envision several approaches to achieve spin-polarization from
them. A possible solution is to apply the Fano resonance, that involves
coupling the surface plasmon resonance and the 1st diffraction order of
incident light on a corrugated silver surface. This thesis demonstrates that this
approach yields an enhancement of the QE performance of a cesiated silver
grating cathode for light incident at the resonance angle, compared to that of a
cesiated flat silver cathode measured in the same system. By altering the
grating profile through oblique angle deposition (OAD) of a silver thin film onto
a grating surface using magnetron sputtering deposition, one can further
enhance the Fano resonance and consequently improve the electric field
intensity near the silver cathode surface. QE measurements confirm an
enhancement of QE (26%) on the cesiated OAD sample compared to a
cesiated one obtained under normal deposition(ND) for light incident at
resonance, respectively, showcasing a possible road for metallic
photocathodes for this application.
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Chapter 1 Introduction

1.1 Overview

Chapter 1 will introduce photocathodes and the fundamental theory of photoemission. It
will also discuss the theories of surface plasmon resonance (SPR) and the Fano
resonance, which are fundamental to the design of this project to enhance the quantum
efficiency (QE) of silver cathodes. Chapter 2 will discuss the experimental apparatus and
method that was used in this project, including an ultra-high vacuum (UHV) system using
physical vapor deposition (PVD) method, a QE measurement system and other
characterization instruments. Chapter 3 will discuss the effect of MgO as a layer to lower
the work function on a crystalline silver substrate. It will also discuss the measurements of
QE on MgO/Ag grating cathodes. Chapter 4 will discuss the measurements of QE on
Cs/Ag grating cathodes. Chapter 5 will discuss the measurements of QE on Cs/Ag grating
cathodes deposited by oblique angle deposition (OAD). Chapter 6 will provide conclusions
and the outlook on plasmonic silmanal cathodes that can be used for polarized electron

beam production.
1.2 Photocathodes

Photocathodes are material surfaces that emit electrons when light shines upon them. This
phenomenon, the so called “photoelectric effect”, was first discovered by Hertz in 1887.
The manufacturing development of photocathodes has yielded industrial application of
photocathodes for photomultipliers, image sensors, photoelectric spectroscopy, night

vision devices, and other products.

One of the features of photocathodes that has gained attention in the field of accelerator

applications, since the mid-1970’s, is the capability to emit spin-polarized electrons. One
1



example is GaAs. In 1978, researchers at SLAC! used the first GaAs photoinjector to
perform parity violation experiments that verified the electroweak sector of the (now)
standard model of particle physics. Further improvements to the design of GaAs
photocathodes involved the use of strained-layerGaAs photocathodes and strained-
superlattice (multi-layer) GaAs/GaAsP photocathodes. The latter is a state-of-art
photocathode for large accelerator applications which can provide a high quantum

efficiency (QE) ~ 1% and a high degree of polarization, ~85%?.

Such photocathodes are semiconductor-based photocathodes, which are characterized by
their relatively high QE, such as >10% for bulk GaAs at 550nm illumination. However,
semiconductor photocathodes have their limitations. One of the limitations is that the
surface of a semiconductor photocathode tends to be damaged by ion bombardment,
which is generated from the collisions of electrons and the residual gas molecules.
Consequently, semiconductor photocathodes require ultrahigh vacuum pressure for
operation (~10*! Torr). In addition, the response time of the semiconductor-based
photocathodes is ~10s picoseconds, which makes them unsuitable for applications to

generate sub-picosecond electrons.

In contrast, bare metallic photocathodes are more robust to environmental contaminations.
They can operate at 10° Torr and have long lifetimes (~years). They also have very fast
response times, which are less than a picosecond. However, they are of limited use for
many applications because of their low QE (~10°at UV illumination). A review of the three-

step model of the photoemission process® can help us to understand their low QE.



1.3 Three-step model of the photoemission process

The emission of electrons from photocathodes can be described in three steps: 1) The
electrons absorb the photon energy and are excited to the conduction band from the
valence band; 2) The electrons overcome the scattering processes with other electrons or
the lattice and travel to the surface. Many electrons lose their energy in the form of heat
and cannot reach the surface of the cathode; 3) The electrons overcome the potential at
the surface and escape from the cathode surface. The emitted electrons are the
photoelectrons observed during the QE measurement. The photoemission processes for

metal and semiconductor photocathodes are shown in Figure 1.1.

Metal PEA NEA

Conductionband 3/ Conduction band 3 Conduction band
2 O~~.o";l_ Evac O-.. 2 v o, 2
.."OLK— Evac ..O..->~-"'“’
1 4 E Band gapI 1 T % e Band gapI 1 Ii
Valence band 0°" Valence band e- ‘ Valence band e- f

o -

Figure 1.1 Photoemission processes for metal, Positive Electron Affinity (PEA) semiconductor and
Negative Electron Affinity (NEA) semiconductor photocathodes.

The metal and semiconductor photocathodes show different behaviors in this model for
photoemission. For metal photocathodes, the reflectivity is typically high and consequently
only a small portion of the light can be absorbed so that it penetrates below the cathode
surface. Then at the second step, electron-electron scattering process is the main process.
Because of the high density of electrons in the conduction band for metals, the probability
of electron-electron scattering is quite high. Thus, a large fraction of photoelectrons will
eventually lose their energy and fail to reach the metal surface. The work function of a
metal — i.e. the energy required to remove an electron from the metal --- is quite high. The

work function is the difference between the Fermi Energy and the vacuum energy of the

3



metal. For an alkali metal, the work function energy is approximately that of visible light
photon. For other metals, the energy is mostly in the ultra-violet wavelength region. This

makes few electrons can overcome the work function very few.

Conversely, semiconductor photocathodes have a high efficiency for light absorption. They
have a rather low reflectivity, and the photon absorption efficiency for energy above the
band gap is high. For semiconductor photocathodes, the main scattering process is
electron-phonon scattering, in which the energy loss per collision is much less than the
electron-electron scattering in metals. Thus photoelectrons can exist a longer time during
the scattering process, which means an electron that is deeper from the surface can be
excited and can migrate to the surface. There are two types of electron affinity for
semiconductor photocathodes: the negative electron affinity (NEA) and positive electron
affinity (PEA). For the PEA semiconductors, electrons need to overcome the bandgap
energy plus the electron affinity at the surface in order to escape from the surface. For the
NEA semiconductors, their vacuum energy near the surface is typically lower than the
conduction minimum energy of the bulk. Any electrons in the conduction band that are
able to migrate to the surface will escape from the cathode and give a high QE. For NEA

GaAs, the QE at 532nm is ~ 10% or higher.

Thus it is interesting to study metal photocathodes with the goal of improving their low
guantum efficiency, while taking advantage of the long lifetime and potential polarized
material such as silmanal. In this project, plasmonic approaches have been applied to

improve the QE of silver-based photocathodes, which will be illustrated below.

1.4 Plasmonic Approaches

This section discusses the background theory of plasmonic resonance, which was used in

this study to guide the design of the cathodes and the measurements of QE.



1.4.1 Surface Plasmon Resonance

Surface plasmon resonance (SPR) is a coherent resonance behavior* of surface electrons
in a metal when a certain dispersion relationship of the incident electrons or the light is
met. It was first demonstrated by Powell and Swan in their experiments on electron-energy
loss® in 1960 and has been diligently studied by scientists since then. At the excitation of
the resonance, an electromagnetic wave propagates along the surface and enhances the
electromagnetic field. This phenomenon can be utilized in surface-plasmon-enhanced

photoemission, strong Raman scattering (SERS), etc.

The dispersion relationship of the surface plasmon resonance can be described by the
Maxwell equations applied to the surface of a semi-infinite solid system, which is shown in

Figure 1.22. The systems’ interface between materials 1 & 2 has a dielectric constant

g =¢& +ig/ and ¢, (vacuum or air).

2 y
E L
NN\
———t++———F++——-
MO AN NN
®H, g, =€ +ig]

Figure 1.2 A semi-infinite solid system with excitation of SPR from p-polarized incident light. Charges
and the propagation of SPR wave on the surface are shown in the figure?.

The electric field in the system can be described as

E=E expli(k xxtkz—at] , (1.2



where "+" is for z>0and "-"is for z<0; E; is the electric field in the indicated
directions for z. k, =k, +ik is the complex wave vector in the x direction and

k, =k, +ik] is the complex wave vector in the z direction; @ is the angular frequency.

Specifically, we can write the electric and magnetic field in medium 1 and medium 2 as:

H, = yH ,expli(k,x +k,,z — at)]

- _ z>0 , (1.2
E,=(XE_, + ZE ,)exp[i(k X+ K,z — wt]

H, = §H , expli(k, x — K,z - @t)]

. _ z<0 , (1.3
E, =(XE,, + ZE ) exp[i(k x —k,,z — wt]

where X,y and Z are the unit vectors in each respective direction. These fields must

satisfy Maxwell’s equations:

subject to the boundary conditions (z=0):

[ 2x9(H ,expik x—H  expik x) =0
2xX(E _expik ,x—E_expik x)=0 (1.5)
2-2(,E,,—€¢E D=0

N

\



From equations (1.4) we can get

H,=H,
E,=E_, (1.6)
82 E22 - glEzl

with

k =k, =k . (L7)

x1 X2 X

From equation (1.3) we can get

xxJ(ik H ,expi(k x+k,,z) =-Ziwe ,E,, expi(k X +K ,2)
2xy(ik ,H ,expi(k x+k, ,z) =-Riwe &,E, expi(k x+Kk,,2)
xx §(ik H expi(k x+k, z)=-Zlwec g E, expi(k x-K,z)
2xy(ik H expi(k x+k, z) =Xiawe g E expi(k x-k,z)

From equation (1.7) we can get

kayZ - _a)gongzz
k 2H 2 :_a)gongx

- and Ky + ., =0 1.9
kayl - _a)goglEzl & &,

kle yl - a)goglEx

Similarly, from equation (1.3) we can also get

(1.8)



ZxXi(k,E, -k E,)expi(k x+k,z)=-YiauH ,expi(k x+Kk,,2)
(1.10)
2 X )/Zi(_kzlExl - kx Ezl) eXp i(kxX - kzlz) - _yla)ﬂOH yl exp i(kxx - kzlz)

Thus we get

kzZExz _ kszz - _a)/’lOHyZ

(1.11)
kzlExl + I(x Ezl - a)ILlO H yl
Together with equation (1.9) we have
2
(4]
kzz2 + kx2 =— g,
C
(1.12)
a)Z
kzzl + kx2 = —251
C
Thus, from equation (1.9) and (1.12) we have
(0 & &
k =~ |72 =k . (113)
C &, + &,

Equation (1.13) gives the dispersion relationship for surface plasmon excitation on a semi-

infinite solid system.

Quite often medium 2 is vacuum or air, giving its dielectric constant &, ~1. Thus equation

(1.13) will reduce to




If we assume that &< |g;|, then equation (1.14) can be rewritten as

(1.15)

To let k, become real, & <0and|g/| has to be larger than 1. This condition is satisfied by

1A
&

most metals.

Figure 1.3 shows the dispersion relationship of surface plasmons(SPs). One can observe
that the wave vector of SPs is on the right side of the light line, i.e. k, =% , and indicates
the need to use some sort of coupling to provide the internal wave excitation. At the

extreme condition of — 81' — &,, the resonance frequency reaches the limit of

a) 2
w=—"-—,where g :47zne
p

1+¢, m

is the plasmon frequency, e is the electron charge, nis

the bulk electron density, and m is the effective electron mass.

o o =ck

Mg, |

Figure 1.3 Dispersion relationship of SPR excitation.
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The main kind of couplers to excite the SPR by light are:

e A prism used in Attenuated Total Reflection (ATR) geometry, where a medium with
dielectric constant N larger than 1 is applied above the metallic surface. The light

that goes through the medium above the metal will have a wave vector of

kx _@ nsin &, where @ is the incident angle, N is the refractive index of the
C

medium. It satisfies the dispersion relationship in equation (1.14) when

!

&

a . )
k,=—nsinf =— |——.
c c\e +1

e A Grating coupler, where the wave vector of the incident light is added to a grating

as in the left side of equation (1.15) below, where the condition for constructive

interference depends on the grating periodicity thus the dispersion relationship

becomes:
Psing+NE k=2 | E5 (116)
C A, c\e +e,

Here @ is the incident angle for the laser light, ig is the grating periodicity and N is

an integer.

The propagation length of SPs can be studied by examining the imaginary part of k; in

equation (1.15). The field intensity falls exponentially in the x direction. Defining a decay

length as the intensity where the field amplitude falls to 1/e of its initial value, we have:

1
L. =— 1.17
SP 2k):1 ( )

10



or substituting from the above:

From equation (1.11) and (1.14) we can obtain the depths for SPs in the z direction for

interfaces between metal and either vacuum or air):

(1.20)

For a 405nm wavelength light impinging on a vacuum/silver semi-infinite system, the

propagation length in the x direction is computed to be 23.49 xm, and the z direction field

depth in the metal (medium 1) is 27 nm.

1.4.2 Fano Resonance

Here we follow the development of a Fano resonance. Fano resonance describes the
interaction between a localized (discrete) mode and a radiative (continuum) mode which
gives an asymmetric profile of the incident light's angular frequency in measurable
guantities such as reflectivity, transmission, etc. The radiative mode is often associated

with plane-wave illumination which excites the localized mode in the system. This localized

11



mode in return interferes with the radiative mode and cause the asymmetric shape in the
measurement quantity. A similar phenomenon has been observed in many other systems
such as coupled clusters of metallic nano-particles®®, metallic photonic crystals® and
metamaterials®1%13, etc. It is worth noting that this type of resonance can be used in
applications including sensing!+*®, optical modulators %18, selective optical polarizers?*®,
etc., because of its unique properties. However, classical optical phenomena such as the
Wood anomaly resulting from the interference between Surface Plasmon Resonance

(SPR) with radiative diffraction orders have only recently been clearly understood. %%

In the original work of Fano?!, the asymmetric response of the system is the product of the

radiative mode with the Fano profile. Here the Fano profile can be described as:

Flo)=5+D g

1
K +1
And x can be expressed as

o -0 oA

K= . (1.22
ZF 2 ( )

AP —D , (1.23)
I'=yo , (1.24)

where o, is the resonance frequency of the localized mode and ¢, is the resonance

frequency of the radiative mode. y, is the loss of the radiative mode. ( characterizes the

asymmetry of the resonance profile.

The overall profile O'(a)) is the coupling of the radiative mode and the Fano profile

12
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o(w) = (@ — ) 1T F(w) (1.25)

r r

The physics mechanism can be described as an analogy with respect to two coupled

resonant electric circuits, as shown in Figure 1.4 (a). The radiative mode L, is excited by

the source and excites the localized mode in L, . However, the main limitation of the

original Fano resonance expression is that it lacks accounting of intrinsic losses of the
localized mode. Benjamin Gallinet and Olivier J. F. Martin proposed a new description of

the Fano resonance??*24, including consideration of intrinsic damping as shown in equation
(1.26) (R, in Figure 1.4(b)). This treatment enables understanding the influence of

electromagnetic interactions on the resonance through the information drawn from the

Fano profile.
R R R
(] L [}
T L2 ML T L ML
C C, C C
] | | |
11 11 |

(a) (b)

Figure 1.4 lllustration of the underlying physics of the Fano resonance by two resonant electrical
circuits: (a) Original description by Fano without consideration of intrinsic losses in localized mode (b)

Modified description of Fano resonance including the consideration of the intrinsic losses (RI ) in the
localized mode??.

Based on the extended model, the line profile for the localized mode is described in

equation (1.26),
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Here, @ is the angular frequency of the incident light, «, is the resonance central

spectral frequency, W, is an approximation of the spectral width where W, <<, b

represents the damping of the Fano resonance which affects the contrast of the resonance

profile and q characterizes the asymmetry of the resonance profile.

The radiative mode can be constructed as

2

a
0.(0)=————— , (L20)
(————")+1

2W @,

where ais the maximum amplitude, @, is the resonance frequency, and W, is the

approximated spectral width if W, << @, . The total response of the system is given by

equation (1.28), which results from the product of equation (1.26) and equation (1.27),

and can be applied to measurable quantities:
o(w) =0/ (w)o. (w) . (1.28)

One can apply equation (1.28) to either theoretical or experimental results for reflectance,
transmittance, absorbance, extinction and/or total cross section?%2223_ A fit of the data to
this function can provide all the parameters for radiative and localized modes for a better
understanding of the Fano resonance. Specifically, one can look at the damping in the
Fano resonance in the parameter b 22-2%, The dielectric constants of metals have imaginary

parts that lead to the imaginary parts in the resonance frequency of a localized mode,
14



which prevents the two modes from interfering completely constructively or destructively.
The b parameter evaluates such effect as the ratio between the intensity lost to the
metallic structure and the intensity transferred from the radiative mode to a localized mode.
When b equals 0, the intrinsic losses of the localized mode would fully disappear and the

Fano profile is recovered as in equation (1.25). The parameter ( describes the asymmetry
in the Fano profile. The parameter ( together with the modulation parameter b describe

the shape of the Fano resonance. The effect of q and b is shown in Figure 1.7, where

2 2
O —
K=—.Ina plasmonic system of a metallic grating coupler, the SPR could serve

)

as the localized mode interfering with the radiative mode (diffraction orders)!® excited by
the outside illumination. The total optical response from the illumination is thus the total

result of a Fano resonance excited on the metallic grating.
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e— q=0, b=0
e q=0, b=0.25
e q=0, b=0.5
s— =0, b=1

— 4=0.75, b=0
— q=0.75, b=0.25
= 4=0.75, b=0.5

q=0.75, b=1

- 0.5

- 0.0

Figure 1.5 lllustration of effects of parameter g and b: (a) shows when q=0, the resonance profile
becomes symmetrical and b determines the profile contrast (b) when g>0, the profile becomes

asymmetrical.
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Chapter 2 Experimental Apparatus and Measurement Methods

2.1 Introduction

This chapter will describe typical vacuum pumps used in ultra-high vacuum (UHV)
systems. Deposition methods for thin film growth will also be described, such as
evaporation deposition and magnetron sputtering deposition. Oblique angle deposition
(OAD) based on the magnetron sputtering deposition will also be presented.
Characterization methods will be briefly described such as Atomic Force Microscopy
(AFM) and Scanning Electron Microscope (SEM) and X-ray Reflectometry (XRR). A
system for QE measurement and its measurement uncertainty will be presented. The
optical system for reflectivity measurements that was used for characterization of the

plasmonic resonance will also be illustrated.
2.2. Ultra High Vacuum System Apparatus
2.2.1 Vacuum Pumps

To reach an ultra-high vacuum, different types of pumps are required to constitute a
pumping system. The vacuum pumps can be classified based on two types of mechanism:
gas transfer and gas capture. Gas transfer pumps compress gas molecules in a specific
direction and eject them into the atmosphere. In such pumps, roughing pumps are suitable
for pumping from atmosphere down to 10>~10 Torr. Turbo pumps can reach to 10! Torr
with proper configurations and treatments. Gas capture pumps capture gas molecules on
pump surfaces through physical or chemical reactions and are often suitable for small gas
loads below 10 Torr. However, cryo pumps can be used for large gas loads in

semiconductor fabrication processes.
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One example of the pumps used in the UHV chamber of our sample deposition and QE

measurement is shown in Table 2.1.

Gas Y Y N N N
Transfer

Gas N N Y Y Y
Capture

Table 2.1 Classification of vacuum pumps including rough pump, turbo pump, cryo pump, ion pump
and non-evaporable getter (NEG) pump. Y/N refers to yes or no.

An ideal pump for a vacuum system is one with a fast pumping speed and low effective
base pressure. To maintain an UHV environment, four types of typical pumps are

described: turbomolecular pumps, sputter-ion pumps, cryogenic pumps and getter pumps.
2.2.2 Turbomolecular Pumps

Turbomolecular pumps are gas-transferring pumps that compress the gas by momentum
transfer. They were used during the bake-out of the QE chamber. The operation of a turbo
pump involves the high-speed rotation of blades with speeds ranging from 24,000 to 6,000
rpm?. It must be used in combination with a roughing pump because of the preferred high
working efficiency in the molecular flow range, which is below 10 Torr. By a proper choice
of roughing pump, a pressure of 10® Torr can be produced. For a turbo pump, hydrogen
molecules are often the main component of the residual gas because of its low
compression ratio. This can be partially relieved by the application of getter pumps, such

as titanium sublimation pumps?®.
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2.2.3 Sputter-lon Pumps

A sputter-ion pump (thereafter called an ion pump) we use, contains a multi-cell anode and
a titanium plate as well as a tantalum plate at its sides. Here we take the construction of an
ion pump from Gamma Vacuum?’ for illustration. In the module of an ion pump,
ferromagnets are placed outside of the stainless-steel vacuum wall to create a large
magnetic field of ~0.12 T through the cathode and anode assembly. A high voltage of 3-7
kilovolts is applied to the anode, which is electrically isolated from the rest of the ion pump.
The cathode and the other parts of the ion pump are at ground potential. After entering the
pump, electrons are drawn to the anode. The magnetic field inside the system causes the
electrons to oscillate spirally in the anode ring and significantly increase their collision
probability with gas molecules. As a result, positively charged ions are produced after the
collisions and accelerated to the grounded cathode surface. The ions of an active gas,
such as oxygen and nitrogen, chemically react with the Titanium atoms and form Titanium
compounds on the cathode surface. In the meantime, Titanium atoms are sputtered either

directly to the anode wall or form titanium compound by chemical reactions.

When the ion pump is normally operated, the ion current is in a proportional relationship
with the vacuum pressure, which can free the system from the need to have a high-
vacuum gauge. Depending on pump size, ion pumps can start pumping from 10 Torr or
below. lon pumps, together with the following NEG pumps, are the main pumps used in

the QE chamber.
2.2.4 Cryogenic Pumps

The mechanism of cryogenic pumps is the physical capture of gas molecules on a cooled
surface though either gas cooling or liquid cooling. They were used in the PVD system to
reach a high vacuum environment. It binds gas molecules by van der Waals forces which

are dependent on the temperature of the molecules. It requires a vacuum environment of
19



103 Torr or below to start operating. This requirement avoids the overload of the
refrigerant and an unnecessary thick condensate which would be caused by a large gas

load?®.
2.2.5 Non-evaporable Getter Pumps

NEG pumps use very active alloys that contains Zr or Ti and chemically react with the
active gas molecules such as oxygen, nitrogen, carbon monoxide, carbon dioxide and
water molecules. In contrast to other pumps, NEG pumps are ideal for pumping hydrogen
with highest pumping efficiency?. A pressure of or below 10 Torr is required for the

operation of getter pumps.
2.2.6 Residual Gas Analyzer (RGA)

RGA is widely applied in UHV systems because of its capability to identify the gas
composition in the vacuum environment. It can also serve as a leak testing system. The
operation of RGA involves the ionization of the gas molecules in the vacuum through an
ionizer inside the module. The mass of the ions is expressed by the mass number M in the
unit of atomic mass unit (amu). An example of such a scan is shown in Figure 2.1. By
identifying the species through the mass number, the component of gas molecules inside
the vacuum system is analyzed. The height of the peak at each mass number gives the
partial pressure of such molecule. This is helpful to keep track of the gas components on

the same vacuum system consistently.
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Figure 2.1 An example of analog Scan of RGA with pressure versus M/Q.

Although gas components in the vacuum system can be different, some typical gas
species in our vacuum system are listed below. As is shown in Figure 2.1, a dominant
partial pressure of hydrogen at M/Q = 2 is typical in the UHV system. Helium causes the
peak at M/Q = 4. O*, HO* and H,O*, which are ionized from water molecules, contribute to
the peaks at 16-18. Either nitrogen or carbon monoxide causes the peak at 28. Molecular
oxygen causes the peak at 32. Argon causes the peak at 40. Carbon dioxide causes the
peak at 44. Doubly ionized CO;™ contributes to the peak at 22 and C* at 12. A mass

number in the range of 13-16 can be methane or a fraction of methane.

In spite of the application as a gas component analyzer, RGA is also frequently used in the
detection of potential leaks. When assembling a UHV system, it is important to find and
remove the existence of leaks before further baking of the whole system. The RGA
monitors the partial pressure of single gas molecules during leak detection. Although RGA
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does not require a specific gas to work as a leak detector, helium is often chosen for its
small particle size that enables the detection of very small leaks (~10% Torr) on the UHV

system®°,
2.3 Physical Vapor Deposition (PVD)

PVD is typically operated under a HV or UHV environment and involves physical
processes with the source atoms. These processes start with the evaporation of source
atoms into gas phase either by thermal heating or kinetic collision and are followed by the
migration of evaporated source atoms to the substrate and lastly the condensation of the
source atoms on the substrate surface. Two main evaporation methods used in PVD
include evaporation deposition and magnetron sputtering deposition. Both are are

discussed in the following section.
2.3.1 Evaporation Deposition

In evaporation deposition, the source atoms are evaporated by thermal heating. In this
project, we use evaporation deposition in the activation of cathode by cesium. The rate of
evaporation is related to the source’s equilibrium vapor pressure. The equilibrium vapor
pressure (thereafter called vapor pressure), is defined as the pressure exerted by a vapor
in equilibrium with its solid or liquid state in a closed system at a certain temperature. The
rate of evaporation become maximized when the vapor pressure is achieved and no gas

molecules will return to the condensed state®.

Different types of evaporation sources also affect the evaporated particles. For metals,
atoms or clusters of atoms will evaporate from the source and condense at the destination.
However, for the evaporation of compounds, molecules are often not preserved and this

results in a different stoichiometry in the deposited film compared to that of the source.
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Alloys evaporate the atoms of different metals nearly independently of each other and thus

display a similar behavior to that of metal evaporation.

There are 2 types of heating mechanisms applied in the heater design for an evaporation
process. One is resistance-heated evaporation and the other is electron-beam
evaporation. For resistance-heated evaporation sources, the material of the heater should
be free of contaminants to the source during the heating process. It should also avoid
releasing active gases such as oxygen, nitrogen, hydrogen and should have a low vapor
pressure at the evaporation temperature of the source. Table 2.2 gives typical types of

resistance-heated evaporation sources.

Tungsten Wire Refractory Sublimation Crucible
Sources Metal Sheet Furnaces Sources
Sources
Material W W, Ta, Mo Ta Crucibles
Note Requires low- | Requires low- For sulfides, Crucibles
voltage, high- | voltage, high- selenides and are often
current power | current power some oxides | surrounded
supply. supply. deposition. by W for
heating.

Table 2.2 Types of resistance-heated evaporation sources3!.

Electron-beam evaporation is preferred for highly pure films. The electrons are produced

from thermionic emission, field emission and accelerated by the filament cathode

assembly biased from 4 to 20kV and directed into a curved path by an applied magnetic

field. By this means, the electrons are focused on the grounded source and heat up a

small area on the source surface for evaporation. An illustration of this process is in Figure

2.2%,
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Figure 2.2 lllustration of electron beam evaporation process®2,

2.3.2 Magnetron Sputtering Deposition

In contrast, a magnetron sputtering deposition system evaporates the source atoms by
kinetic collisions. Deposition of metallic grating thin films such as Ag are carried by
magnetron sputtering deposition. In the deposition process, inert gas molecules with large
molecular weight are initially introduced into the vacuum environment at a typical pressure
of 102 Torr, and are then positively ionized and accelerated to the negative-biased target
surface. These ions are called "bombardment ions”. When the bombardment ions collide
with the target surface, target atoms are ejected and condense at the substrate surface
and nucleate into a film. The mechanism of the magnetron sputtering process is shown in

Figure 2.3%,

At the same time, secondary electrons are released and neutralization of bombardment
ions also occurs. The secondary electrons are the electrons produced and ejected out of
the target when ions collide with target surface. The magnetic field is engineered to be

parallel to the target surface, as shown in Figure 2.4. The combination of electric and
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magnetic field causes the electrons to drift above the target surface and increases the

production of bombardment ions®“.

In applications, Ar is a typical choice for research and industry because of its heavy mass,
chemical inertness and cost efficency®. Other rare gases such as Xe, Ne and Kr3¢-3 have

also been used, however with higher costs.

Bombardment ions

Neutralized atom

Sputtered atoms Secondary electron_ @
@ *
k
\ Pd
® /.\ .3—,‘_._.—

KX

Target surface

Figure 2.3 lllustration of sputtering process from cross view. Blue particles are the bombardment ions
and the red are target atoms. The black solid line shows the lattice planes of target material.

Target top-view E

.B®

drifting direction

Figure 2.4 lllustration magnetron sputtering: The top-view of magnetron. Secondary electrons are
forced into the cycloidal orbits34.
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One can characterize the sputtering process by the sputtering yield as in equation 2.2%,
Here Y is the sputter yield, NT is the number of ejected target atoms and NI is the

number of incident bombardment ions.

N
Y=—T (21
N (2.1)

The sputtering yield depends on the energy regime of the bombardment ions®3, which is
typically determined by the potential difference between substrate and cathode. At the low
energy regime, the energy of the bombardment ions is lower than the binding energy of
the target. Such ions can only sputter the loosely-bound atoms at the surface of the target
and have a small sputtering yield of less than 102. At the medium energy regime, the ion
energy is higher than the binding energy of the target, but still lower than the energy for ion
implantation. The bombardment ions consequently can dislodge the surface and near-
surface atoms and cause a series of collisions that result in the ejection of target atoms,
which is shown in Figure 2.3. A typical sputtering yield of 0.1-3.0 is obtained for such
energy regime and exhibits a linear relationship with the ion energy. For the high energy
regime, which is typically higher than 1keV, the ions will be able to go to deep inside the
target and cause deep-ion implantation. This causes a drop in the sputtering yield and is
usually not adopted in normal sputtering deposition process for the benefit of cost-
efficiency. A reference of surface binding energy can be found in reference 39. In practical

experience, the medium energy regime is best for research and industrial applications.

For the deposition of insulating and metallic compounds, in many cases reactive sputtering
deposition is preferred. The reactive sputter deposition starts from the sputtering of a pure
metal target and is followed by the introduction of a reactive gas into the vacuum chamber
in the presence of the inert gas. A list of compounds produced by reactive sputtering is

shown in Table 2.3%.
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Compounds Gas Examples
Oxides Oxygen Al>Oz3, In2,03, SNO,, SiO,,
Ta»O0s, MgO
Nitrides Nitrogen, Ammonia TaN, TiN, AIN, SizN4
Carbides Methane, acetylene, TiC, Wc, SiC
propane
Sulfides H.S Cds, Cus, ZnS

Table 2.3 Examples of compounds produced by reactive sputtering.

In this project, DC magnetron sputtering was applied for the deposition of Ag thin film
grating cathodes. Reactive magnetron sputtering was applied for the deposition of MgO
thin film overlayers on Ag grating cathodes. And lastly, the evaporation method was

applied in the deposition of Cs to activate the Ag cathodes for photoemission.

2.4 Oblique Angle Deposition (OAD) on Grating Patterns

A PVD based oblique angle deposition was applied later in the sample preparation of this
project in Chapter 5. Different from the other methods such as lithography*! or self-
assembly*?*? that are used to produce grating patterns, the OAD** adopts a large incident
angle in the deposition of target atoms on an grating substrate. The large incident angle
causes a so-called shadowing effect during the deposition and consequently alters the
deposited grating profile. This is alteration in grating profile provides a way to enhance the
plasmonic resonance on the metallic grating and thus can improve the quantum efficiency
of the corresponding grating cathode. An illustration of the OAD mechanism is shown in

Figure 2.5.
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(a)

0 =tan

(b)

(c)

Figure 2.5 lllustration of oblique angle selections with 3 different incident angles.

In Figure 2.5, ﬂg is the grating periodicity and h is the groove depth. @ is the grating

stripe width. & is the complementary angle of the incident angle and it is in the plane that
is perpendicular to the grating stripes. At the very large incident angle of deposition atoms,
the grating groove is hardly coated because of the shadowing effect from the adjacent
stripe. Most depositions of target atoms occur on the stripe and cause an alteration of the
grating groove depth as well as width. A suitable deposition angle can be estimated as
shown in Figure 2.5. One possible estimation is as in Figure 2.10 (b), that the groove is
completely shadowed from the deposition atoms and almost all the atoms are

accumulated on the grating stripe. In this case, @ = tan™ ﬂ For an angle @ thatis
A

g
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larger than this, the grating groove will be deposited as well. For an angle @ that is
smaller than this, the stripe will show lack of coverage which might be undesirable in our

case. This serves as an upper limit estimate of the incident angle for the atomic flux.

Another estimation of this is as in Figure 2.5 (c), the angle f=tan" — is

w
=

suggested to ensure a complete coverage on the stripe and minimize the alteration of the
width of stripe. However, Johnson et al*®., found that the partially reflected atoms from the
adjacent stripe play an important role in the film growth of shadowed side of the stripe. In
such a geometry, the deposition from the reflected atoms could be excessive and alter the
grating profile undesirably. Figure 2.5(a) shows another choice of deposition angle, where
O =tan™ 27h At such an angle, the target atoms can cover the center of the grating
ﬂg
groove and will not enhance the grating groove very significantly. This can also ensure a

full coverage of the substrate, which might be the most desirable for our project.

If the deposition is only from one side, an asymmetric grating profile should be expected.
OAD is typically used in combination with a rotational motor on the substrate holder to

obtain a symmetric deposition.

2.5. Characterization Methods

2.5.1. Atomic Force Microscopy (AFM)

An atomic force microscope measures the force between the very top atoms of the tip of a
cantilever and the surface atoms of the sample, as shown in Figure 2.6. As the tip scans

along the surface, the cantilever “feels” the strength of the force that causes a deflection
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on the cantilever. The initial design of the AFM involved the operation of Scanning
Tunneling Microscope (STM) that uses the tunneling current between the STM and
cantilever to measure the deflection. By maintaining a constant tunneling current®, it
secures a constant force between the surface and the tip atoms. Most modern AFM
measures the cantilever deflection by optical detection, as shown in Figure 2.7. Such
optical deflection is typically realized by a red laser that shines on the cantilever. The
reflected beam is detected by a quadrant photodiode. By keeping a constant force through
implementation of a feedback system (PID), the tip follows the contour of the sample
surface and provides an image of the topography through the re-construction of the signal
in the software. The use of AFM provides a topography measurement of the surface that is
non-destructive. It is applicable not only to perceive the surface of conductive materials but

also insulators, which can’t be readily accomplished using a STM.

Tip atom
F~10°-10""N

Sample surface atom

Figure 2.6 lllustration of atomic force between sample surface atoms and tip atoms in an AFM.

An example of the AFM composition is shown in Figure 2.9. The sample is loaded on the
sample holder above a piezo scanner. The piezo scanner is constructed by a piezoelectric
material that changes its geometry as a function of applied voltage. Typical piezoelectric
materials are PdBaTiOs; or PZT#’. The scanner is connected to a PID feedback control
loop to control the position of the sample surface. When the distance between the tip and

sample surface varies, the cantilever deflection follows the variation. The PID will react and

30



adjust the piezo scanner position to keep a constant force between the tip and sample
atoms. By scanning the sample surface with a raster scan pattern, the surface topography

of the sample is obtained.

photodiode

sample
sample holder

Figure 2.7 An illustration of AFM operation system.

2.5.2 Scanning Electron Microscopy (SEM)

Alternatively, the SEM uses an accelerated and focused electron beam to scan the surface
of the sample. The electron beam is initially produced by an electron gun and accelerated
between ~0.1keV and 50keV with beam diameter of 10 um to 50 um*. An electron gun is
the equipment that provides stable and narrow electron beams. After going through a
system of condensing lenses, the electron beam is focused to a much smaller beam
crossover at the nanometer scale. After the condensing lenses, the electron beam is
scanned by a deflection coil system that synchronizes with the electron beam in a
cathode-ray tube (CRT). The electron beam will then go through the objective lenses and
incident on the sample surface. Detectors for different electron-specimen interactions

collect the signals and send them to the amplifiers and computer. The intensity of the CRT
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is then adjusted by the detected signals drawn after the electron-specimen interactions

and produce an image of specimen.

2.5.3. XRR (X-Ray Reflectometry)

X-ray reflectometry® is a technique that uses x-rays as a probe to retrieve sample
information such as thickness, surface roughness, material density, etc. It is non-
destructive and highly applicable to either crystalline or amorphous materials. For thin film
samples, XRR can be used to measure the thin film thickness between 0.1nm to 1000nm

and thus it can be used to calibrate the deposition growth rate of many materials.

Different from x-ray diffraction (XRD), the mechanism of XRR involves the constructive and
destructive interference caused by the phase shift of reflected light at the atomic interfaces

of the system. For X-ray wavelengths, the index of refraction n can be expressed as

n=1-5+ig , (2.2)

where O has a magnitude of 107 for solids and a magnitude of 1078 for air. ,B is usually

much smaller and has 10 or 102 of the magnitude of O , depending on the X-ray energy.

The critical angle for total external reflection of X-ray can be expressed as

0, =25 , (2.3)

For an incident angle below the (96, the total external reflection will take place. The critical

angle in XRR is often used to focus the x-ray beam. Note that the unit for equation (2.3) is
in radians. The real part of the index of refraction is in proportion to the electron density of
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the material. The critical angle is consequently in proportion to the square root of the real
part of the electron density of the material. For a material with a higher electron-density, a

larger critical angle is expected for the XRR measurement.

An illustration of the scattering geometry is shown in Figure 2.8. An incident x-ray with

wave vector of q*i and reflected wave vector of (f, is shown. The momentum transfer in

the z direction can be expressed as

q:qf _qi =(q, :ZkoSin0 ) (2-4)

27
where K, = K A is the wavelength and @ is as in Figure 2.8.

= q. =2k, sin0 q,

Figure 2.8 lllustration of scattering geometry for XRR.

The amplitude of reflectivity for a homogeneous and finite thickness slab in Figure 2.8 can
be calculated as a sum of the reflected light between the top and bottom interfaces. By
assuming the medium above and below the slab to be vacuum, the expression of the

amplitude of reflectivity is
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r,(1-p?
rslab = ilf r2 EZ) ’ (2'5)
01

where I, is the amplitude of the reflectivity at the 0 and 1 interface, and where

2

p? =expigA. Ais the thickness of the slab. The intensity of the reflectivity \rs

lab
displays the so-called Kiessig fringes with the period of oscillation

27
P.=—. (26
)= (26)

This period can be used in the calculation of thickness from the measured fringe patterns.
In practical experience, the thickness, surface roughness as well as electron density for
the sample are obtained from fitting software provided with the XRR equipment and gives

a better analysis of the data than equation (2.6).

The roughness of the sample surface also affects the fringe patterns by decreasing the
reflected beam intensity exponentially. This is caused by diffused scattering on the
inhomogeneous surface of sample. This makes XRR very sensitive to the interface
roughness. The roughness of the sample interface is required to be smaller than 5nm*° for

a good XRR measurement.

The XRR instrument that was used in this project is a PANalytical Empyrean series 2, as
shown in Figure 2.9. In addition to the application of XRR, it is also used to carry out XRD
measurements, which enables the identification of film components, lattice constants, etc.

Other technical information of this instrument can be found in reference 50.
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Figure 2.9 Instrument picture of PANalytical Empyrean series 2.

2.6 Quantum Efficiency Measurement

2.6.1 Measurement Apparatus

The quantum efficiency (QE) measurement apparatus consists typically of an UHV system
that can achieve a vacuum pressure of 10! to 102 Torr. Such a vacuum is sustained with
the combined operation of pumps such as ion pump and non-evaporable getter pumps.
The ion current serve as a good indication of the vacuum pressure in such system. A light
source is required to excite the photoemission, such as a laser or a white light. A Faraday
cup is positively biased (Figure 2.10(a)) by a DC power supply that is constructed from a
series connection of 9V batteries. It is used to collect the electrons that are emitted from

the cathode surface. A program written in LabView®! was used to record the photocurrent
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data. An RGA was also assembled into the vacuum system for the benefit of analysis of

the gas molecules and leak testing.

Two choices of electrical configurations can be implemented, as shown in Figure 2.10. In
Figure 2.10 (a), the Faraday cup is biased by a positive DC voltage and the cathode is
grounded. It can also be configured with a negatively biased sample and the whole
vacuum chamber serves as the Faraday cup for electron collection, as shown in Figure
2.10 (b). The electric potential difference between the Faraday cup and the cathode
surface generates an electric field that is pointing from the Faraday cup to the cathode. As
a result, electrons are attracted to the collector. The electron currents flow through the
electric circuit and are measured by the picoammeter. In our project, we use the design as

in Figure 2.10(a).

Insulating feedthrough

Battery box
/ ry

it Insulating feedthrough
L 4

Cathode
Battery box

Faraday cup

—— Picoammeter Picoammeter -—

(a) (b)

Figure 2.10 The mechanism of the electron collection circuit: (a) Positively-biased Faraday cup and
grounded cathode (b) Negatively-biased cathode and grounded chamber wall.

A cesium filament is used to evaporate cesium on the silver cathode. Cesium is used to

lower the work function of the photocathode by forming dipoles at the cathode surface,
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which results in improvement in the resulting QE. A typical cesium dispenser can be
obtained from SAES Getters. A typical working current starts from 4.5 to 4.7A% and heats
the cesium atoms to above 600°C for evaporation deposition. Instead of the use of pure
cesium to lower the work function, a reactive deposition of cesium and oxygen®® can also
be used for the same purpose through a so-called “yo-yo” deposition process. This
includes the consecutive activation of cesium and oxygen molecules into the system and

can produce the photocathode that has a longer life time and better QE®S.

In addition to the above apparatus, a setup for heating of the cathode is necessary for
cleaning the cesium layer above the cathode surface. Cesium and cesium oxide desorb
when heated up to some threshold temperature. Typically, a 266 °C baking temperature of
30 mins can sufficiently serve for cleaning purposes. In our setup, baking was
implemented by the radiation energy from a light bulb below the cathode. The temperature
of the cathode versus the working current of light bulb was measured by Jlab group and a
typical working current of 4.0A was used to clean the cesium from the Ag cathode surface.
For some setups, a circuit for pure nitrogen gas was used in the system to accelerate the
cooling-down of the cathode. After heat cleaning, a very small amount of cesium was left

on the cathode surface and resulted in a small photocurrent ~ 1nA.
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Figure 2.11 Illlustration of QE measurement system.

The system for QE measurement which we used is shown in Figure 2.11. The Faraday
cup is positively biased with ~382V and the cathode is at ground potential. A conductive
silver paint was applied on the cathode surface to electrically conduct the cathode surface
with the aluminum support that wraps around the cathode. The aluminum piece was
grounded with the chamber. This forces the electric field to point from the Faraday cup to
the cathode surface and attracts the electrons to the collector. Oxygen is also released
from a leak valve when we attempted reactive deposition of cesium oxides. RGA was used
to analyze the gas-components in the vacuum chamber before and after the deposition

and leak testing.
2.6.2 Calculation of QE & Its Uncertainty

The calculation of the QE of a photocathode depends on the measurement of laser power,

laser wavelength, photocurrent and the power transmission rate of specific light, i.e. (laser
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power at cathode surface after light goes through the top flange) / (laser power of the laser

above the flange). The equation for the QE is

hc |

Here, h is Plank’s constant, c is the speed of light, A is the wavelength of the laser, | is
the photocurrent, 77 is the transmission rate and P is the power of the laser measured

above the window.

To calculate the uncertainty of the QE, we use A to denote the uncertainty in each

parameter. It is obvious that the measurements of 1,4, P, 1 are independent of each

other. If we assume a Gaussian distribution for each parameter, we can calculate the

uncertainty of QE as

GGG e

The uncertainty of QE and other parameters are displayed in Table 2.4.

Laser (nm) A_I M ﬁ M ﬁ
| A P n QE
0.2% 2.5%
405 4.9% 5% 7.4%

Table 2.4 Uncertainty for QE and other experimental parameters.

All our data on QE share an uncertainty of +/- 7.4%.

2.6.3 Space Charge

Space charge can appear when the potential difference between the Faraday cup and the

cathode is low and this can depress the measurement results of QE. It can be described
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by the Child-Langmuir Law which gives the space-charge limit current (SCLC) under a

specific applied voltage and distance, as shown in equation 2.9.

45 (2 V0

J
9 \m, d?

. (2.9)

where Va is the potential difference, and d is the distance between Faraday cup and

cathode surface, € is the electron charge, and me is the mass of electron, &, is the

vacuum permittivity.

In our setup, a 382V DC power supply is applied between the Faraday cup and ground
potential. The distance between the Faraday cup and the cathode surface is ~ 2cm. An
area of ~4 mm? is used in the calculation of the area that emits the electrons, which is
based on the laser spot size. The SCLC is 1.37mA at such parameter. In our

measurement, the photocurrent is maintained below 1uA, which is safely below this limit.

2.7. Plasmonic Measurement
2.7.1. Diode Laser

The system for powering the laser diode (LD) as well as for controlling the diode working
temperature is shown in Figure 2.12. The specifications for the LD at 25° C are shown in
Table 2.5. The LD is mounted on TCLDM9 that connects the diode with the LD working
current controller LDC205C and LD working temperature controller TED200C. The
LDC205C can control the LD current from 0 to 500 mA, and has an accuracy for the
working current of 0.5 mA. A calibration of the working current as a function of the laser

power is shown in Figure 2.13.
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Figure 2.12 Laser Diode system with LD mount TCLDM9, LD controller LDC205C and LD temperature controller

TED200C>.
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Figure 2.13 Calibration of laser output power with working current.
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The TED200C can control the temperature from -40°C to 100 °C, and has an accuracy of

+0.1 °C. For safety, an upper limit of 30mA was set in order to keep the power of the laser

below 1 mw.
Parameter Condition Min. Typ. Max. Unit
Operating Temperature N/A 0 25 75 °C
Lasing Wavelength Po=40mW 395 405 415 nm
Beam Perpendicular 16 19 23
Divergence Parallel 6 8 12

Table 2.5 Specifications of diode laser4.

2.7.2 Plasmonic Characterization by Measurement of Reflectivity

The earlier discussion of plasmonic resonances in Chapter 1 explained the concurrent
excitation of coherent behavior for the electrons near the surface of a metal grating. This
resonance is called the surface plasmon resonance, which can be observed through
measurements of the reflectivity at different incident angles. From equation 1.15, we note
that one can alter the incident light momentum at the surface varying the incident angle.
When the light momentum matches the requirement for excitation of SPR, the resonant
behavior will cause a complete transformation of light energy into electromagnetic energy
at the metal grating surface. As a result, the reflectivity at the resonance angle will display
a minimum. For angles that are away from the resonant position, the reflectivity follows the
diffraction efficiency of the grating. The measurements of reflectivity versus incident angle
can therefore identify the excitation of SPR. The resonance angle position and reflectivity
minimum are typical parameters that one should pay attention to. For the same grating

profile, the same resonance angle is expected. The reflectivity minimum can reveal the
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strength of the plasmonic resonance indirectly. A deeper minimum can represent a better
absorption of photon energy into the metal surface and near-surface atoms when

transmission is negligible.

2.7.3 Reflectivity Measurement Apparatus

For the measurement of reflectivity, the samples were mounted on a rotational stage in a
custom-built high-precision goniometer system. Each sample was mounted such that the
grating grooves were normal to the incident plane of light. A p-polarized blue diode laser
( A=405nm ) was modulated with a 255 Hz optical chopper mounted in the path of the
illuminating incident beam, and the incidence angle was varied within the chosen regime,
usually with an angle step size of 0.5°. A Si photodetector (Thorlabs DET10A) and a lock-
in amplifier from Standard Research Systems (SR510) were used to measure the zero-
order reflected beam. The sample surface was aligned near the center of rotation to
ensure optimal measurements in the same region of the sample surface at all angles. A

schematic illustration of the optical SPR setup is shown in Figure 2.17.
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Figure 2.14 An illustration of SPR setup for reflectivity measurement that is used to characterize the
SPR performance.
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Chapter 3 Lowering the Work Function of Ag Cathodes by MgO

The work function is the minimum photon energy required to liberate an electron from a
metal surface via the photoelectric effect. In what follows, the effect of MgO overlayers on

silver surfaces to that end will be discussed.

3.1 MgO on Ag (001)

The approach of growing oxide thin films on metal has drawn much attention because of
their potential in magnetic tunnel junctions, high-k dielectric in electronic devices and as a
support material in nanocatalysts®-%°, and in a wide variety of other applications. Studies of
the characterization and preparation of such layered systems have been carried out for
more than 20 years®'2, It has been reported that there is a substantial change in the work
function of silver caused by a top magnesium oxide layer®. This opens the opportunity to

study such an oxide/metal interface for the present application.

Traditionally, the Schottky model is used to explain the electronic structure of a metal-
dielectric interface, where the main assumption is the absence of interactions between the
metal and the dielectric material. When the metal/dielectric interface is formed, thermal

equilibrium is required. Thus, the Schottky barrier height (SBH) & is defined as the
difference between the metal work function @ and the gap width E of dielectric

material®.

§= Eg _(Dm (31)

An illustration of such an energy barrier is shown in Figure 3.1%4,
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Semiconductor Metal

Figure 3.1 Schottky Barrier at semiconductor/metal interface.

However, the Schottky model is generally not observed in many experimental results.
Heine® pointed out that surface states at the metal/dielectric interface can exist because
of the decay of the metal wave function into the dielectric. This gives rise to metal-induced
gap states (MIGs)%-%7, which have been invoked to understand SBH for various

metal/dielectric interfaces.

In particular, Livia®® calculated the work function of oxide/metal combinations in four
different systems using density function theory (DFT). This includes the interfaces of
MgO/Ag(100), MgO/Mo(100), TiO-(100), and SiO»(112). Table 3.1% lists calculations
including charge transfer (CT), adhesion energy, surface dipole, system work function ®m,
and work function shifts from the bulk metal A®. In these calculations, MgO lowers the
work function in metal substrates by 1- 2eV. At the same time, the charge transfer is found
to be relatively small. This is in contrast with TiO, and SiO; systems whose charge transfer
is ~5 times that of MgO systems. Note that the calculation of the Ag (100) work function is
4.3 eV, and the relevant experimental measurement result is 4.22 eV. The changes in the
work function of the MgO/Ag (100) and MgO/Mo(100) systems exhibit the same trend, i.e.
an overall decrease from the metallic work function. The growth of the first monolayer

displays a significant effect of this decrease. Further increasing the thickness of MgO
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shows only a negligible influence on the work function of MgO/metal systems, including

MgO/Ag(100) and MgO/Mo(100).

The shift in the work function is explained by the change of the surface dipole that can be
caused either by charge transfer (CT) or induced polarization effects at the interface®.
Livia®® points out that for the MgO/metal system, charge transfer is insufficient as the main
cause of the surface dipole change, because of the negligible amount of charge transfer.
Livia further proposed that induced polarization is the main cause for the work function
change in MgO/metal systems, resulting from charge compression at the interface, which
has been found in atomic or molecular adsorbates on metal surfaces "2, The interface
causes a reduction of the surface electron density overspill and consequently changes the
interface dipole, which is shown in Figure 3.2b™. The charge compression effect is
important for highly ionic materials. Conversely, for non-ionic dielectrics that form
chemically-bonded interfaces, charge transfer is a dominant contribution to the surface
dipole, as shown in Figure 3.2a. In general, charge transfer and compression effects may

work together and result in either an additive or a subtractive effect on the work function.

Experimental measurements of the work function on MgO/Ag(100) have also been carried
out together with topographic studies of the system. Konig, et al.”* have applied three
independent methods in-situ to measure the work function of the MgO/Ag(001) system
with 0.5ML, 3ML and 8ML MgO thicknesses. These methods include Kelvin probe force
microscopy to measure the contact potential difference (CPD), and the exponential
dependence of the tunneling current I(z) as well as the field emission resonances (FER).
Images of surface topography were obtained in-situ from Scanning Tunneling Microscopy

(STM).7
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Figure 3.2 Mechanisms of change on surface dipole: (a) charge transfer at the interface (b) compression effect of
surface electron density for highly ionic materials73.
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Model Number Surface Adhesion  Charge om A

of Dipole  Energy/S Transfer/S (ev) (eV)

Layer (elR) (eVIA2) (elA2)

(x103) (x102)
MgO/Ag(100) 1L 5.3 0.031 1.02 329 -1.01
2L 6.5 0.022 0.54 3.10 -1.20
3L 6.4 0.023 0.55 3.12 -1.18
MgO/Mo(100) 1L 9.7 0.153 1.61 252 -1.67
2L 11.8 0.135 0.90 205 -2.14
3L 11.8 0.136 0.93 205 -2.14
TiO2/Mo(100) 1L -1.6 0.167 -5.19  4.35 +0.20
2L -6.2 0.093 -6.13 5.19 +1.04
3L -7.0 0.174 -5.73 5.34 +1.19
Si02/Mo(112) 1L -1.1 N/A -5.87 4,69 +0.42
2L -4.5 N/A -5.93 5.30 +1.02

quartz

Table 3.1 Calculation results of oxide/metal systems with charge transfer, work function and shifts on
system work function®8,

Experimental measurements from three independent methods and the comparison with
theoretical values are shown in Table 3.2 (extracted from reference 74). The experimental
results for different thickness of MgO agree with the calculations and show the same trend
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of lowering the work function of the metal. The work function of thicker MgO on Ag(100)
also follows a similar trend decreasing the silver work function, which was predicted in the

DFT calculations.

Number of Theory Experiment

MgO layers on

Ag (100) AD (eV) CPD A (eV) I(z) AD (eV) FER A® (eV)
MgO island -0.94 -0.5 -2.0 -1.2
(calculated for
1ML)
3 -1.27 -1.1 -1.4 -1.4
8 N/A -1.1 -1.2 -1.3

Table 3.2 Theoretical and experimental results for 0.5ML, 3ML, 8ML MgO on Ag(001)"4.

Further investigation on the MgO thickness effect on the work function was carried in the
experiments by T. Jaouen et al”®. Jaouen used ultraviolet photoelectron spectroscopy
(UPS) to measure the work function of MgO layers with thickness ranging from 2 to 12
monolayers (ML) on Ag (001) as shown in Figure 3.3”. The work function was ~ 3.05 +
0.05 eV from 2ML to 5ML and rose to ~3.3 + 0.05 eV from 8ML to 12ML. The difference in
the work function, despite the big range of thickness considered, is comparatively small. At
8ML and 12ML, the difference in the work function is ~1.1eV and corresponds to a

deposition of 3.3 nm to 5 nm MgO on Ag (001).
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Figure 3.3 The experimental results of work function measurement of MgO(NL)/Ag(001) systems. Solid triangle data
points: work function; solid round data points: the p-type Schottky barrier height(SBH); solid square data points:
ionization potential (IP) 7>.

In constrast, Polycrystalline Ag has a reported work function of ~ 4.26 eV’®.
Photoemission from a pure silver surface would therefore require photons in the ultraviolet
region of the spectrum. Although there have been many studies on the work function of
MgO/Ag(001) systems, as well as other crystalline orientations, there are no significant
reports on the work function for MgO/Ag polycrystalline systems, which would be useful
for our studies. In any case, for the present work, we sputter-deposited polycrystalline
silver coatings onto thin film polycarbonate grating substrates, hoping that by thereafter
depositing very thin layers of MgO over such polycrystalline Ag films, we might observe a
significant lowering effect in the work function. This would provide an opportunity to create
efficient photoemissive silver-based cathodes that would operate in the visible (blue)

region, where powerful short-pulse lasers are more readily available.
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3.2 Experimental MgO/Ag/Grating Photocathodes

3.2.1 Sample Preparation

Commercial polycarbonate substrates (made from DVD) were loaded in the thin film
deposition system and deposited with 50nm Ag coatings under an environment of Ar of 7.5
E-3 Torr. The Ag surface was then in-situ coated with MgO for layer of 2 nm, 5 nm and 10
nm, respectively, using DC magnetron reactive sputtering of magnesium and oxygen-
enriched environment. The Ar pressure for such deposition was 4.5 E-3 Torr and oxygen

pressure was added by 0.1 E-3 Torr.

3.2.2 Reflectivity Measurement

Measurements of reflectivity on each sample, as well as from a bare Ag deposition on a
similar grating substrates, is shown in Figure 3.4 for comparison. The reflectivity
measurement was taken at a 0.5° resolution. Reflected beam intensity is detected by the
silicon detector and recorded by the output voltage level. The reading of the voltage was
truncated from the smallest stable digit available, which is at 0.01V. The reflectivity
measurements in Figure 3.4 shows that the resonance is excited when the incident light

angle is ~ 25°.
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Figure 3.4 Reflectivity measurement on different thickness of MgO on Ag50nm grating samples. Black: bare 50nm Ag
grating; Red 2nm MgO on 50nm Ag grating; Blue: 5nm MgO on 50nm Ag grating; Green:10nm MgO on 50nm Ag
grating. The plasmon resonance is extracted at ~25°.

The existence of MgO has a damping effect on the intensity of the plasmonic resonance
as we discussed in chapter 1. As the thickness of MgO grows, the resonance is reduced.
The largest drop of intensity occurs between thicknesses of 2nm MgO and 5nm MgO. A
large reduction of the associated electric field at the interface of the silver metal is also
expected at MgO thicknesses from 5nm and above. We note that Jaouen’s report” on the
work function for MgO thickness from 2ML to 12ML shows a consistent work function
reduction for the Ag(001). Although we can’t conclude that the MgO thickness will have the

same exact effect on polycrystalline Ag, it seems reasonable to keep the MgO thickness at

very thin levels.
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3.2.3 Photoemission measurements

Photocurrent measurements were taken under a vacuum pressure of 10 Torr using a
(blue) laser at 405 nm.The data for a MgO2nm/Ag50nm/grating sample are shown in
Table 3.3. This includes the current without the laser shining on the grating cathode
(noise) and the measurements with laser on. The data were taken at different times for
consistency checks. For a MgO/Ag planar cathode, the quantum efficiency at 266nm (4.66
eV) has been reported as ~ 0.01% to 0.06%. For a 1 mW and 405 nm (3.05 eV) laser light,
the expected quantum efficiency would be much smaller if substantial lowering of the work

function were not successful.

Data Set 1 (nA) Data Set 2 (nA) Data Set 3 (nA) Data Set 4 (nA)
Laser 3.832 Laser 4.234 Laser 3.849 Laser 3.849
Off Off Off Off
1 3.829 1 4.234 1 3.849 1 3.850
2 3.830 2 4.234 2 3.849 2 3.849
3 3.832 3 4.234 3 3.849 3 3.851
4 3.832 4 4.234 4 3.848 4 3.848

Table 3.3 Photocurrent measurement results on MgO2nm/Ag50nm/grating with different attempts and
noise measurement.

To prove the existence of photoemission current, a noticeable difference between the
noise and the signal is required. Our measurements in Table 3.3 haven’t shown a good

proof of photo-electron emission. The current level is almost the same as the noise current
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with a very slight difference of ~3pA at most in Data set 1. The high level of noise current
(3~4nA) compared to the possible level of photoelectron current (<nA) makes it very hard
to identify a real photoelectron current. One possibility is that the MgO deposition on the
grating structure of silver did not accomplish significant reduction of the work function of
Ag due to incomplete coverage or perhaps non-uniform conformal deposition. A possible
remedy for this is to choose a higher photon energy laser or change the cap layer for a
more efficient one to lower the work function of silver and to achieve better signal to noise
results. We have followed the latter path and considered alternative cap-layers discussed

in next chapters.

However, it is beneficial to bring attention to the recent successful measurement of QE on
MgO/Ag(100) system by T. Droubay’’. By using a continuous-wave (CW) laser at 266 nm
(4.66 eV), they measured the photoemission of planar 3MLMgO/Ag(001) to be 7 times
greater than forclean Ag(001). This makes the measurement of QE on 3MLMgO/Ag on

grating structure system at such wavelength of laser light a promising path to follow.
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Chapter 4 Normal Deposition Silver Grating Cathodes

4.1 Planar Silver Cathode

Beginning with this chapter, we will focus on the study of Ag grating cathodes with
evaporated cesium (Cs) overlayers, which have been widely used to lower the work
function in metals’". A 100 nm Ag film was deposited on a planar bulk polycrystalline

aluminum (Al) substrate in at 7.5x10 Torr of Ar by DC magnetron sputtering deposition.

The activation of the cathode includes the evaporation of Cs onto the surface. A 405 nm
laser is incident on the sample at 0° to monitor the photocurrent change during activation.
The quantum efficiency (QE) results after activation are shown in Table 4.1 for three

different laser powers.

1 2 3
Laser Power (mW) 3.5 1.38 1.47
QE (%) 0.0873 0.12 0.123

Table 4.1. Quantum efficiency of 100 nm Ag/Al cathode with different activation laser powers.

The QE values are in agreement with the result of A. Balter®®, who gives a QE of ~0.1% for
Cs/Ag at 405 nm. It is interesting that the laser power may have an effect on the QE value.
For similar laser powers of 1.38 and 1.47 mW, the resulting QE is 0.12% and 0.123%,
respectively. For a higher laser power of 3.5 mW, the QE is much smaller — only 0.0873%,
about 37% smaller than at the other two values. This effect is also found to be true for the
QE of grating cathodes when measured at normal incidence. However, this effect is not

because of the existence of space charge, since our photocurrent is safely below the limit.
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All the uncertainties in the measurement of Table 4.1 can be referred in section 2.6.2. The

QE has a systematic uncertainty of 7.4% (section 2.6.2).

4.2 Normal Deposition (ND) Ag50nm/grating

50 nm of Ag was grown on a diffraction grating from Edmund Optics, which consists of a
glass grating with a commercially-deposited layer of Al on top of the sinusoidal surface.
These same substrates were used as substrates for the QE measurements discussed in
Chapter 5. The film was deposited in 7.5x10° Torr of Ar at room temperature. The sample
was then taken to to atmosphere and transferred to the UHV QE measurement system at
Jefferson Lab. Note that a very thin layer of AQO was expected to appear on the cathode
surface due to the transportatin atmosphere. Other adsorbates on the surface may have

appeared as well for the same reason.

4.3 Topography Measurements

Topography measurements for the substrate grating are shown in Figure 4.1(a). The
grating was scanned by a non-contact atomic force microscopy (AFM) over a 5x5 pm?
scan. The sample was placed with the stripe direction close to the horizontal scan direction
to avoid possible error in the grating groove measurement that might be caused by the
extreme up-and-down movements of the tip. In the direction perpendicular to the grating
stripe, a line-scan was extracted from the topography to determine the periodicity and
grating groove dimensions (Figure 4.1(b)). The measured average periodicity for the
grating is 488.2 nm, and the groove depth is 209.3 nm. The standard values of grating

parameters can be found in Table 4.2
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Figure 4.1(a). Topography measurements showing grating structure of bare grating.
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Figure 4.1(b). Line scan extracted from topography of the substrate grating.
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Grating Profile Periodicity(A) Groove Depth(h)

Sinusoidal 555nm 201nm

Table 4.2. Diffraction grating substrate standard description.

Topography measurements and a line-scans taken after the deposition of 50 nm of Ag on
the same type of grating substrate are shown in Figure 4.2(a) and Figure 4.2(b). A full
coverage of Ag on the grating substrate can be seen in Figure 4.2(a). As it is shown, the
deposited Ag follows the grating structure of the substrate, i.e. it is conformal. The average
periodicity and groove depth are 525 nm and 205 nm, respectively. The periodicity
measurement shows a small change of approximately 7% from the substrate, and the

grating groove depth is almost the same as the substrate.
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Figure 4.2(a) Topography of 50 nm Ag/grating.
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Figure 4.2(b). Line-scan extracted from the topography of the 50 nm Ag/grating.

4.4 Reflectivity Measurement

Reflectivity measurements were carried out on the 50 nm Ag sample to observe its
plasmonic resonance performance. The result is shown in Figure 4.3.Two resonance
positions are found in the reflectivity measurement. One is at 14.5° and the other is at 25°.
If a plasmonic effect on the QE exists, then a maximum in QE at these angles should be

observed.

60



Rpp

0 10 20 30 40 50
Angle (degree)

Figure 4.3 Experimentally-determined reflectivity of the 50 nmAg/grating sample.

4.5. Quantum Efficiency Measurement

4.5.1 Overview

The 50 nm Ag/grating sample was placed on a sample holder and held in place with a thin
aluminum sheet that was mechanically wrapped around the holder. Silver paint®! was
applied to electrically connect the surface of the cathode to the aluminum wall and
ultimately to the grounding potential. A picture of sample and sample holder is shown in
Figure 4.4. The purple color is the 405 nm light reflected from the cathode surface and is

not the color of the cathode material.
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Figure 4.4(a) Ag50nm/grating cathode on sample holder after chamber baking at 200C.

One can observe that the cathode surface has a “whitish” contamination. This is found
after a baking process at 200°C carried out on the chamger, which releases water and
other gas molecules stuck in the walls from the system and to be pumped way from the
vacuum chamber so that it will ultimately reach the UHV environment needed for cathode
activation. As we discussed in Section 4.2, the cathode surface was open to the
atmosphere for a short time, so it is quite possible that adsorbates on the cathode surface
have reacted with the released gas molecules to form contaminants on the cathode
surface. This contamination could lower the lifetime of the cathode significantly, but one
can reduce the contamination by improving the chamber baking process and have it
carried out ata lower temperature and for less time. Thus, we reduced the temperature
from 200°C to less than 150°C and the time from 72 hours to 18 hours and found a visibly
noticeable difference in the sample appearance. An example of a cathode surface that
was baked under the new conditions is shown in Figure 4.4(b). The lifetime of this cathode

increased from less than 20 hours to 49 hours with laser light on. The lifetime is the time it
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takes when QE falls from the maximum of QE to its 1/e. This 150°C chamber baking

temperature was applied to all later samples.

Figure 4.4(b) Cathode on sample holder after chamber baking at 150°C.

The sample holder is mounted on a rotational fork, which can move the sample in either
the longitudinal or the transverse direction. The ability to rotate the sample in the
transverse direction is critical for our studies, as we are looking at the angular dependence

of the QE for this grating cathode.

One technical difficulty in precisely measuring the angular dependence of the QE lies in
the positioning of the sample above the rotational center of the sample holder. Figure 4.5
shows the problem in detail. The design in the QE measurement system has aligned the
sample holder with the rotational center, but the sample is placed above the sample holder
on a 6 mm-thick substrate. This creates a limitation on the available angular range in the
transverse direction. In Figure 4.5, when the sample is rotated, the surface of the cathode
moves away from the original incident light spot. As the degree of rotation increases, the

incident light will reach close to the edge of the cathode. The maximum incident angular
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range is from Q° to approximately 33°. Consequently, the actual QE measurements will
include the possible effect of an uneven distribution of Cs in the transverse direction, since
the incident light travels across the cathode surface. However, the incident angles should
not be affected much because of the parallel edge of the rectangular shaped substrate. In
our experiment, the angle positions are recorded as absolute values, which were shown
on the scale in the magnetic manipulator. This absolute angle position can change after
changing the sample in the loadlock, which can be seen at Table 5.3(a). However, relative
angles are more important to us, which represents the incident angle for the laser on

cathode surface.

l (a)

Ag cathode

Rotation
center

Sample holder

(b)

Rotated to the
edge of cathode

Figure 4.5. (a) lllustration of the direct incident beam and the different position of cathode surface and rotational
center. (b) lllustration of the limitation on the measurable angle in the transverse direction due to the displacement
of the sample from the rotational center.
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4.5.2 Activation with Cesium

Cs is deposited on the 50 nm Ag/grating sample to lower the cathode work function. A Cs
filament from SAES Getters is connected to a DC power supply to provide a current of 4.7
A for the evaporation deposition. A 405 nm light is incident at the cathode surface for the
activation process, and the power of the laser was kept very small (~11.2 yW) to benefit
the cathode lifetime. In a traditional activation on a GaAs photocathode, the QE
performance will reach a maximum when a monolayer of Cs is formed on the cathode
surface®. Further deposition of Cs will then increase the work function of the system and
thus lower the QE. However, it is not the same in our case on a Ag cathode. The
deposition of Cs on the Ag grating cathode is found to increase the QE initially and reach a
plateau where further addition of Cs does not affect the QE. The formation of
contamination on the Ag surface when the cathode is exposed to atmosphere may have

caused this effect.

4.5.3 Quantum Efficiency

Photocurrents are excited by an incident 405 nm light on the cesiated grating cathodes.
During the Cs activation, the cathode surface is placed horizontally with a 405 nm laser
incident at close to 0° on the cathode surface. As the Cs accumulates on the Ag surface, a
photocurrent starts to appear and is measured by a picoammeter. This photocurrent
eventually reaches the maximum plateau with little increase where further deposition of Cs
does not affect the QE performance. This was observed on all silver grating samples. At
this point, the Cs deposition is stopped and the QE is measured on the activated cathode.
Several positions are chosen longitudinally along the rotational axis to take QE
measurements in order to find an average value (Figure 4.6). At each longitudinal position,

one can find multiple maximum or minimum values as one rotates the cathode in the
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transverse direction (Figure 4.6). Some of these are relative maxima or minima, rather
than absolute one. Table 4.3 shows a set of data for four longitudinal positions with their

maximum and minimum.

Cathode surface Longitudinal movement

< >

socee Rotational fork

Laser spot at Transverse movement
each position

Figure 4.6 lllustration of 5 positions in the longitudinal direction.

Position 1 Position 2 Position 3 Position 4 Average

QE | Max | 145° | 0.367 | Max | 144° | 0.366 | Max | 144° | 0.345 | Max | 144° | 0.361 0.360

(%) | Min | 123° | 0.306 | Min | 123° | 0.304 | Min | 1219 | 0.285 | Min | 121° | 0.307 0.300

A 19.9% 20.4% 21.1% 17.6% 19.8%

(%)

Table 4.3 QE of a Cs/Ag/grating cathode at four longitudinal positions, and increase A (%) between max and min.

The measurement of QE after the initial activation of the cathode is shown in Table 4.2.
This includes the absolute maximum and minimum found at four different longitudinal
positions, which are at least 1. mm or more separate from each other. One can see that

there is an average increase of 19.8% from the absolute minimum QE to the maximum
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QE. This increase in QE is calculated as in Equation (2.7). Note that the angular rotation

has an uncertainty of ~2 degrees.

The angle positions of the absolute maxima of QE for five consecutive longitudinal
positions agree well with each other. The absolute maximum appears when the cathode
rotates to 144~145° on the angular scale. The measurement of QE at such positions also
show similar results and gives an average of 0.36% for the maximum QE. Similar behavior
was also seen for the absolute minima. At an angular position of around 122°, the minima
of the QE appeared with an average value of 0.3%. Specifically, the maximum QE at
position 1 is ~0.367%. The QE values at position 3 are lower than those at other positions
- it has a maximum value of 0.345% and minimum value of 0.285%. This difference of QE
distribution in the longitudinal direction may indicate the existence of a slightly uneven Cs

deposition on the cathode surface.

Re-activation of the cathode after heat cleaning was carried out in order to make more
detailed QE angular distribution measurements. The angular distribution of the QE shows
unequivocal proof of plasmonic effects on the QE of the cathode. Figure 4.7 shows the
data on five longitudinal positions with the angular distribution near the maxima and

minima of the QE.
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QE Angular Distribution
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Figure 4.7 QE angular distribution of a Cs/Ag/grating cathode after re-activation.

Extreme Avg Angle (°) | Incident Angle | Avg QE (%)
©)
Max 162.2 23.5 0.303
Min 154.8 16.1 0.276
Max 144.2 5.5 0.321
Max 133.2 -5.5 0.309
Min 122.2 -16.5 0.261
Max 112.8 -25.9 0.305
ZERO 138.7

Table 4.4 Average angular dependence of QE for a ND 50 nm Ag/grating sample after reactivation.

One can observe a somewhat symmetrical distribution of angular positions of the QE
maxima and minima. This agrees with the reflectivity measurement of Figure 4.3(a). In the
data, two plasmonic resonance positions are observed. One is at ~14.5° and the other is at
~25°, with a maximum of reflectivity in-between. If we assume the effect of Cs on the Ag
grating cathode will not cancel the resonance effect on the cathode, we can expect the

measurement of QE to display a maximum, minimum, and maximum sequence. This

68



should also apply when the light is shining from the other side of the incident plane and

this cause the symmetrical distribution of the angular positions of QE extreme values.

As shown in Figure 4.3, the first resonance has a smaller minimum than the second one.
We observe a similar effect in the angular distribution of QE. The two maxima in the middle
of 6 angular positions show larger QE values than the ones that are away from the center

and indicates the plasmonic influence on the QE of grating cathode.

To calculate the incident angle, we start by calculating the average angle positions from 5
different sets of data. Once we find the average angle positions, we calculate the normal
incident angle position by averaging the angle positions of the two adjacent maxima in the
middle. For example, the average of 144.2° and 133.2° gives 138.7° to be the 0° of incident
angle. This is because the middle two maxima’s angle positions should have same
incident angles as explained above. The 0° position was then used to calculate the
incident angles by the difference from the angle position of each maximum/minimum,
which is shown in Table 4.4. The sign of the incident angles are following the definition in

Figure 4.8.

Incident
plane

Cathode
surface

Figure 4.8 lllustration of the definition of incident angle in the incident plane.
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From the result of incident angles (Table 4.4), one can clearly see that the calculated
incident angles from either direction are very close. For the minimum positions, the
difference of the incident angle is ~ 0.4°. For the maximum positions that are far from 0°,

the difference of the incident angle is ~1.5°.

The average QE for each incident angle is also shown in Table 4.4. One can see that the
absolute maximum and absolute minimum of QE after re-activation have decreased from
that of the initial activation. The absolute maximum of QE drops from 0.360% to 0.321%
and the absolute minimum of QE drops from 0.300% to 0.261%. It is suspected that the
cesium atoms that form cesium compounds on the cathode surface during baking is the

cause for this QE drop.

The life time is measured and calculated as
i t
QE' =QE e><|0(—;) , (4.0

where QE' is the initial QE and QE " is the final QE in the measurement. t is the

measured length of time and 7 gives the life time. A lifetime of 50.6 hrs was calculated

after the re-activation process with light shining on the cathode surface.
4.5.4 Substrate Annealing

Substrate annealing was also carried during the sample preparation process to see the
effect of such treatment on the QE. Because of the possible existence of water molecules
on the surface of the substrate, we annealed the substrate at 250°C for one hour in the

deposition chamber and then cooled it down to room temperature before deposition of
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50nm Ag. One example of a QE measurement at near-zero incident angle for a sample

without substrate annealing and a sample with substrate annealing is shown in Table 4.5.

We can see that the substrate annealing enhances the QE from ~0.26% to ~0.4% at first

activation.

Substreate Annealing

QE with Cs Deposition

QE Re-Activation After
Heat Cleaning (%)

(Y/N) (%)
N 0.26 0.14~0.15
Y 0.4 0.22

Table 4.6 QE at zero incident angle with and without substrate annealing during deposition process.

4.5.5 An Attempt to Grow Cesium Oxides

We also looked for the best method to form cesium oxides/sub-oxides on the Ag grating

cathode. One successful example was carried with the “yo-yo” process® described in

Chapter 2 and is shown in Figure 4.7.

Cathode Current (nA)

Cathode Current (nA)

18:22
05/09/16

Figure 4.9 Example of “yo-yo” process of CsO on a Ag grating cathode with photocurrent v.s. time.
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As is mentioned before, the photocurrent during the activation will reach a plateau as the
Cs thickness grows. The dropping of the QE in one cycle as shown in Figure 4.8 is caused
by the oxygen added into the system with partial pressure ~102 Torr. After the oxidation of
Cs on cathode surface, further deposition of cesium causes an increase of the maximum
plateau of QE. Repetitions of such process will give a much larger QE. In this example, the
QE is increased from 0.15% to 0.28% after six cycles. However, this yo-yo process is very
time-consuming . Each cycle requires approximately 40 minutes. For a yo-yo process of

six cycles, the total activation will take nearly 5 hours.
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Chapter 5 Oblique Angle Deposition Silver Grating Cathodes

5.1 Oblique Angle Deposition (OAD)

We have discussed the QE performance of the grating cathode under normal deposition of
magnetron sputtering. The thin film follows the grating structure of the substrate when it is
deposited at normal deposition. Thus, the grating profile of the silver cathode is
determined by the substrate grating profile. However, it is also beneficial to have a look at
other deposition angles, such as an oblique angle deposition and its effect on the resulting
grating profile. Such oblique angle deposition (OAD) method is also called the glancing
angle deposition (GLAD)®. It has wide applications in producing nanostructures because
of its ability to engineer a column micro-structure for porous thin film deposition. The OAD
method was also proposed to engineer the grating thin film structure by Johnson®, et al.
They found that by the shadowing effect that is caused by the large incident angle, the
atoms will accumulate on one side of the stripe and cause the other side of stripe to have
less deposition. As the deposition continues, the shadowing effect will become more
noticeable, and eventually will block the atoms from reaching full deposition coverage on
the grating structure. If the angle is chosen to have little coverage on the grating groove
and much coverage on the grating stripe, one can expect a deeper grating thin film than

that of normal deposition.

An illustration of the angle set up in OAD is shown in Figure 5.1 (a). Figure 5.1(b) shows

an example of the shadowing effect during deposition on a grating substrate.
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Figure 5.1 (a) lllustration of oblique angle set up in the PVD system. (b) An example of shadowing effect caused by the
large incident angle during PVD.

The oblique deposition angle can be easily reached using a bracket as described below.
We used an aluminum 6061 sheet as raw material. We cut the sheet into a 1 inch wide
and ~ 2 inches long rectangle piece. The piece was divided into 2 parts in our design. One
is the part that was fastened to the sample holder. This part was machined with a
longitudinal slot in order to add flexibility when adjusting the sample position. The other
part was used to support the substrate. The substrate was fastened through a screw with a
piece of foil. The whole aluminum piece was mechanically bent to reach a desirable
deposition angle, such as an incident angle of ~77° for the initial experiments of OAD on
polycarbonate substrates. The bending angle of the aluminum piece was later modified
when it was used in the Ag deposition on another type of grating substrate. The illustration

of the OAD setup is shown in Figure 5.2.
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Figure 5.2 lllustration of the OAD setup, including the top view (top), the substrate position (bottom left) and the slot
(bottom right).

5.2 ND and OAD Ag50nm/grating

To test the effect of OAD on the plasmonic resonance, we prepared two samples under
both ND and OAD geometries. Note that these samples were deposited on polycarbonate
grating substrates, which has a standard grating periodicity of 740nm. An AFM
measurement of the grating substrate is shown in Figure 5.3(a) and the line scan is in
Figure 5.3(b). From the line-scan, we can observe a grating groove depth of 66nm and a
FWHM of ~611nm. This measurement of the grating profile was used in the later

simulations of the grating substrate.
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Figure 5.3 (a) Topography image from AFM measurement on the polycarbonate grating
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Figure 5.3(b) Linescan drawn from topography measurement showing the grating groove depth and FWHM of grating
substrate.

We deposited a sample of 59nm ND and 50nm OAD separately under the same Argon

pressure of 7.5 x 10 Torr with a 2.0 x 10 base pressure.
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5.3 Topography Measurements

The topography and linescan for both samples are shown in Figure 5.4 (a), (b) and (c), (d).

(b)
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L L0 O

(d)
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Figure 5.4 (a) Topography of ND sample. (b) Linescan drawn from topography of ND (c) topography of OAD sample. (b)
Linescan drawn from topography of OAD. (e) SEM image of OAD sample showing full coverage on grating substrate.
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The AFM images show a clear difference in grating amplitude for these two different types
of samples. For the OAD sample, the grating amplitude of the deposited Ag thin film (~80
nm) is 15 nm higher than that of the sample grown under normal incidence geometry (~65
nm). This difference is due to shadowing effects from the underlying pattern stemming

from the large incident angle ( @ =~ 77°) of the Ag influx onto the grating substrate during

deposition. Note here that because of the steepness of the trajectory of the AFM tip during
scans over the grating surface, the actual groove depth values for both samples could

have been experimentally under-estimated.

5.4 Reflectivity Measurement

The p-polarized reflectivity versus incident light angle was experimentally investigated on
both types of samples. The samples were illuminated with 405 nm p-polarized light, with
the plane of incidence perpendicular to the direction of the grooves in the patterned
surface. The incidence angle was varied between 20° and 38° to obtain reflectivity vs
incident-angle data. The experimental reflectivity results for typical OAD and ND samples
are shown in Figure 2(a). We observe a significant difference in the shape of the
reflectivity curve at the SPR angle between these two samples. A narrower and sharper
resonance is noticed for the sample grown using OAD compared to the ND one. We point
out that the experimental results for both samples were normalized with the same
parameters such as the maximum and minimum reflectivity achieved with the OAD
sample. We followed the same normalization method in all the simulations. This
normalization was carried out to aid the comparison between samples and between

experimental results and simulations.

78



Experiment Simulation

—s=— OAD —-=0AD
1.0 4 —-. k10
—e—ND —-=ND Lo
/
0.8 4 % - 0.8
= ]
c "
| I
0.6 - ‘o - 0.6
] i
o . I
< 0.44 ~ ‘e - 0.4
F S0,
o \ It
14 e | - |
0.2 - ) L 0.2
l.:\.l |
\
0.0 \. 0.0
I v ) v L] v L] v I v I v ) v L] v
20 25 30 35 40 20 25 30 35 40
Angle (Degree) Angle (Degree)

(a) (b)

Figure 5.5 (a) Reflectivity measurement for ND (magneta) and OAD (blue) samples showing plasmonic resonance
angle positions.

5. 5 Simulation Results

We carried out simulations of both grating structures using the amplitude and pitch
experimentally obtained under both thin film deposition geometries using the EM Explorer
software®!. Using the dimensions obtained from the AFM line scan profile measurements
across the surface topography of uncoated gratings, we simulated an isosceles trapezoidal
profile using the same nominal dimensions for the substrate grating profile in both types of
samples. The dimensions of the Ag film layer for each of the two simulated structures
were set according to the AFM measurements for the OAD and ND samples. An

illustration of the grating profile used in both cases is shown in Figure 5.6.
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Figure 5.6 (a) Simulation model for 59nmAg/Grating ND sample. (b) Simulation model for 50nmAg/Grating OAD
sample.

The reflectivity curves achieved with such simulations for both types of samples are shown
in Figure 5.5(b) and compared to the experimental results in Figure 5.5(a). For the
simulations, the Ag thin film follows the trapezoidal structure of the grating substrate
homogeneously in the ND sample, while the Ag thin film in the OAD sample was
distributed asymmetrically on either side of the stripe to accommodate for the shadowing
effects of the oblique deposition. The average thickness of the Ag thin films was set at ~60
nm for the simulated structures, agreeing with the measured profiles in the real samples.
The geometrical distribution of the Ag film used to simulate the ND and OAD samples are
indicated in Figure 5.6(a) and Figure 5.6(b), respectively. Note that the grating period
used to better fit the ND sample results has been set at 700 nm while for the OAD, the
grating pitch is set at 720 nm, an acceptable difference that is within the 5% variability of
our commercial grating substrates (standard periodicity 740nm). The simulated Ag thin film
structures therefore accurately represent the two types of samples and account for the

different deposition geometries investigated. The refractive index used for the simulation of
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the ND sample was n = 0.17, k = 2.10, while for the OAD sample n =0.17, k = 2.20, was
used. We kept the optical constants very close to each other in the simulations. In this
way, we are able to examine the effect of a changing grating profile on the resonance,
which is expected to have a more important role since we kept the Ag thickness very
similar on both samples. We note though, that the measured Ag thickness is slightly
different between the two samples. This can be attributed to a different growth mode, e.g.
different incident angles affecting growth rates, but we do not expect this to be a
substantial effect on the measurements. The value of the index of refraction used for the
substrate was n = 1.56 for the simulations of both samples. Detailed information for both
grating models can be observed in Figure 5.6. Note that the very slight difference in the
grating substrate dimensions for the OAD and ND models (e.g. 7nm difference in the
bottom width) is due to the slightly different resolution used in the simulations but this
doesn't affect the results. All the values of dielectric constants are within reasonable

margins (<5%) from those obtained from reference®.

We also want to point out that the simulation model used for the OAD sample is justified
because the actual profile of the grating substrate should allow full coverage of the Ag thin
film coating even if not uniform. This is expected because reflections of incident atoms
from the adjacent grating groove can also occur, allowing coating of the shadowed side of
the groove considered. This full coverage of the groove is shown in Figure 5.6 (b) and

Figure 5.4 (e).

To understand the physical mechanisms governing our experimental optical observations
regarding the difference between OAD and ND samples, we consider the process of a
Fano resonance in a grating coupler. In the Fano resonance, a bright mode which is a

radiative mode excited by the far-field illumination interferes with a dark mode or a
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localized mode. The total response is often found to be asymmetric around the resonance
as it is shown in both the OAD and ND reflectivity curves (Figure 5.5(a)). The main
limitation of the original Fano resonance expression is that it lacks accounting of intrinsic
losses due to dark modes. Here we adopt Gallinet and Martin’s description of the Fano
resonance??24, including consideration of intrinsic damping as shown in Eq. (5.1). This
treatment enables understanding the influence of electromagnetic interactions on the

resonance through the information drawn from a Fano profile.

The line profile for the localized mode is described in Eq. (5.1).

2 2
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where @ is the angular frequency of the incident light, ®, is the resonance central
spectral frequency, W, is the approximation of spectral width where W, <<®, , b

represents the damping of the Fano resonance and affects the contrast of the resonance

profile and q characterizes the asymmetry of the resonance profile.

The radiative mode can be constructed by a pseudo Lorentzian form as in Eq. (5.2)

a2

(@) =——— , (5.2)
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where a is the maximum amplitude, o, is the resonance frequency, and W, is the

approximation spectral width if W, << @, . The total response of the system is Eq. (5.3),
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given by the product of Eq. (5.1) and Eq. (5.2), and can be applied in measurable

quantities for fitting parameters.
R(w)=rr, (5.3

When light shines on a grating coupler, its horizontal component of momentum can be

expressed as

k, = “sin 9+Ni—7[ (5.4)

"o
G
where @ isthe incident angle, A; is the grating periodicity, N is the diffraction order,

and c is the speed of light. We measured the Oth order reflectivity, and the SPR appears
when the 1st diffraction order vanishes. Thus we set N as 1 and the grating periodicity as

the standard value A; = 740nm. The reflectivity response of the incident angle in Fig.
5.4(a) is caused by the dependence of k, on the incident angle. Thus, we first calculate
the value of k, for each @ of 405 nm light by Eq. 5.4. The reflectivity can now be
expressed as a function of Kk, . To better analyze the physics mechanism of this Fano

resonance, we propose a pseudo frequency o,, and a pseudo incident angle & and

psd ?

use o,

,sa 10 represent the effect of incident angle on the k;, after setting a 6,,,. We

calculate (in Eq. 5.4) the value of a pseudo frequency @, under each K, . In this way, we

convert the reflectivity data to a function of @

»sa- One can plot the reflectivity versus

pseudo-angular frequency @, as in Figure 5.7(solid lines). The new reflectivity curves are

then fitted by Eq. 5.3 using OriginLab®. We show the fitting parameters along with the
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standard errors in Table 5.1 and the fitting curves dashed in Figure 5.7 (red). Note that we

set incident angles for both samples at their respective resonance angles. We find that

varying the pseudo incident angle from 20 to 38 degrees has very little effect on the result

of b and q for both types of samples, evidencing a characteristic relationship between

these two parameters and the Fano profile itself within the considered angle range. The

dark mode and bright mode for each sample are plotted as in Figure 5.7 as an example.

Note that the term including grating periodicity is cancelled during the calculations for each

sample and the only changing part in equation (5.4) is the term with @,,, thus it doesn't

affect the fitting results.
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Figure 5.7 Fitted reflectivity of radiative (bright) modes and localized (dark) modes for OAD (left) and ND (right) samples.
Black is experimental data, red is the radiative (bright) mode, and blue is the localized (dark) mode.
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OAD ND
Fitted Value Standard Error Fitted Value Standard
Error
w, 3.10575 0.01979 3.22967 0.00828
W, 3.94352 0.10329 3.53975 0.03437
Wa 0.32953 0.01436 0.16508 0.00885
WS 3.12978 0.52405 2.22655 0.11962
q 0.06475 0.02458 0.22555 0.0093
b 0.5083 0.00914 0.83131 0.02203
a 1.11337 0.00989 0.97496 0.00477

Table 5.1. Fitting Parameters of Fano Resonance Profile of Eq. (5.3), both incident angles of OAD and ND sample at its
SPR angle, respectively. Standard errors are defined as in OriginLab Non-linear Fitting.

We see that, in our fitting results, the asymmetry parameter ¢ for the OAD samples is

much smaller than for the ND samples and its reflectivity shows a near symmetric
resonance profile. On the other hand, the value of the modulation damping parameter b
for the OAD samples is noticeably lower than that of the ND samples with good accuracy.
The imaginary part of the dielectric permittivity in a metal would be accountable for the
damping effect when there is interference between bright and dark modes, and it is
considered an intrinsic loss. This damped interference displays either incomplete
construction or destruction effects on the Fano profile, and the b parameter evaluates such
effect by comparing the ratio between the intensity lost to the metallic structure and the
intensity transferred from the radiative mode to a localized mode. When b equals 0, the
intrinsic losses would fully disappear and the reflectivity should reach 0 at the resonance
angle. A lower value of the b parameter indicates a lower ratio of intrinsic losses coupling

radiative and localized modes. In our case, with the consideration of similar dielectric
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permittivity, a stronger coupling between radiative modes and localized modes in the OAD
samples should be the cause of the lower damping compared to the ND samples. Thus,
we can conclude that the main enhancement effect in the resonance is due to lower
damping in the samples grown by OAD than that of the ND ones. Such a scenario
suggests the existence of an associated enhanced electromagnetic field in the OAD
samples, which could benefit many applications, such as photoemission from metallic
photocathodes, etc. We believe that the bright mode in the Fano resonance corresponds
to the 1st order diffraction in the grating as discussed in Reference 18. After diffraction of
incident light, the 1st order diffraction is generated and couples to the surface plasmon
resonance, which is a localized mode in the Ag grating. The first order diffraction
generated also diffracts and contributes to the homogenous zeroth order. As a result, the

zero order diffraction is the superposition of the two interactions mentioned above.

To examine this effect in both the OAD and ND samples, we also simulated the
electromagnetic field profile based on the previous model described. These simulations
were carried out under the same illumination conditions as in our experiments, i.e., at the
same wavelength, fluence, and critical angle as experimentally determined. The
magnitude of the electric fields computed by these simulations are shown in Figure 5.8.
The expected stronger EM fields near the surface of the deeper-grooved (OAD) sample
compared to the shallower grooved sample (ND) is confirmed, and it is attributed to a
lower damping of the Fano resonance, which indicates a stronger coupling of the first
diffraction order with the SPR excited on the grating structure®. Thus, we can conclude that
the OAD method offers a viable approach to tailor local electromagnetic field
enhancements near the surface in grating-induced Fano resonances, due to our ability to

control the damping processes.
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Figure 5.8 (a) Simulation of EM field on ND cathode at its plasmonic resonance angle. (b) Simulation of EM field on
OAD cathode at its plasmonic resonance angle.

5.6 Quantum Efficiency
5.6.1 Introduction

Based on the theoretical prediction of a larger electric field on the OAD sample, we carried
out the measurement of the QE on the OAD Ag50nm/grating cathodes. The first QE
measurement of OAD sample was on a 50 nm Ag thin film on the polycarbonate grating

substrate as is described in section 5.2. However, a detrimental difficulty for measurement
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of QE on such a cathode is that the polycarbonate substrate has quite a low melting point
at ~ 150C. The alteration of grating structure will happen earlier before the temperature
reaches 150C, and would cause deformation of the cathode. However, the baking of the
vacuum loadlock is necessary to reach a good UHV. This makes the polycarbonate grating
substrate an unsuitable option. An optical diffraction grating was then brought into the

project for such reason.

The standard information of the grating substrate can be found at Table 4.2. Such grating

was also used in ND grating cathodes of Chapter 4.

5.6.2 Sample Preparation

The OAD sample was prepared in the Veeco system at a base pressure of 1.2 x 10° Torr.
Grating substrates were ultrasonically cleaned firstly in an acetone bath and then a
methanol bath. Silver was deposited on the substrate in an Ar pressure 7.5 x 107 Torr by
DC magnetron sputtering deposition. The oblique incident angle was at ~60°. After
deposition, the OAD 50nm cathode was also taken to atmosphere to be transferred to the

QE measurement system.

5.6.3 Activation with Cs

To compare the QE of the OAD cathode with the ND cathode, we kept the parameters for
activation consistent for both OAD and ND cathodes. These parameters include the
cesium evaporation working current, cesium evaporation length of time and laser power for
activation. In particular, cesium was evaporated at a working current of 4.7A. The 405 nm
laser power for activation at OAD sample was ~12.2 uW. A deposition of 1 hr and 20 mins

Cs on the cathode brings the QE to the maximum value. This ensures the same deposition

88



thickness of cesium on the OAD cathode compared to that of ND cathode. A
measurement of QE was carried out after all the hydrogen outgassing due to the heat of

Cs dispenser were pumped away.

5.6.4 Quantum Efficiency Results

Figure 5.9 shows the angular dependence of the QE for the OAD sample. It is interesting
to notice that the angle positions of maximum and minimum QE also follow a similar trend
as for the ND sample. The five measurable angle positions for QE extreme values follow a
sequence from top to bottom as maximum, minimum, maximum, maximum, minimum. The
angle position at lower than 285 degree is, however, not measurable, due to the same
reason shown in Figure 4.5. i.e. because the cathode surface is above the rotational
center, the incident spot will scan across the surface as the cathode rotates in the

transverse direction and will reach the edge of the cathode.

QE Angular Distribution
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Figure 5.9. Angular Dependence of QE for OAD 50nmAg/Grating sample.

89



Extreme Avg Angle (9 Calculated Avg QE (%)
Incident Angle (%)
Max 334.2 26.9 0.443
Min 321.0 13.7 0.267
Max 311.6 4.3 0.330
Max 303 -4.3 0.318
Min 285 -22.3 0.199
ZERO 307.3

Table 5.2 Average angular dependence of QE for OAD 50nmAg/Grating sample.

To get a closer view of the angular dependence of QE, we followed a similar analysis
method as in chapter 4. We took the calculations of average angle position for each
extreme QE. The 0° incident angle position was decided as the middle position between
adjacent maximums (i.e. 311.6° and 303.0°). The incident angles were calculated by the
difference from the 0° incident angle, which are shown in Table 5.2. The positive and
negative sign of the angle represents the two half-spaces in the incident plane, as shown

in Figure 4.7.

As shown in chapter 4, the incident angle distribution of QE for ND cathode follows a
symmetrical distribution. However, this is not true for the OAD cathode. An anisotropy
appears in the angular distribution of QE for OAD cathode, which is shown in Table 5.3(b).
The incident angles for two minimum positions have a ~8.6° difference, which is apparently

not because of the 2° resolution of the angular measurement on the apparatus.

One can think that this results from the effect of a large incident deposition angle. In the
real sputtering deposition, the deposition rate relies on the distance between the substrate
and the target. The deposition rate at a close distance is larger than the one that is far
from the target. At the normal deposition, the difference of the distance for the two edges
of the substrate is negligible. This gives an even coverage of the silver thin film on the
grating substrate. However, when the deposition angle is oblique, the substrate has one

edge that is measurably closer than the other. For our grating substrate, a ~12.7 mm
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distance is expected. This leads to a slowly decreasing deposition rate along the substrate
surface. For the side that is close to the target, a larger deposition rate should be expected
and vice versa. Because we placed the substrate in such a manner that the grating stripes
are in the perpendicular direction to the deposition flux, a small gradient in the thickness
should show in the same direction. In the QE measurement, the cathode is also placed in
the direction where the transverse scan direction is perpendicular to the grating stripes.
Thus, the rotation in the transverse direction moves the laser on the cathode surface along
the direction that is perpendicular to the stripe. The plasmonic QE performance is suffering
from this small gradient of thickness, which could result in the shifting of resonance

positions.

It is also noticeable that the average absolute maximum of the QE of the OAD sample is
0.443% at 26.9° of incident angle. The single maximum of QE of OAD sample is 0.464%.
The lifetime of the cathode at this attempt is 43hrs. The ND sample has an average
maximum QE of 0.36% and single maximum of 0.367% (Table 4.3). Thus, the
enhancement of QE for OAD is noticeable ~23.1% for the average and a maximum of

~26.4% for the single measurement.

5.6.5 The Effect of Heat Cleaning

We also observed the effect of heat-cleaning on the angular dependency of QE of OAD
cathode. After cleaning the Cs at ~266 C for 30 mins, the photocurrent from the remnant
Cs on the cathode was ~0.1 nA. The re-activation of the cathode was carried after the
cathode cooled down to room temperature (RT). A current of 4.7A for the Cs filament was
used and the deposition lasted the same amount of time as for the previous activation
(~1hr 20mins). The laser power for the activation of cathode was also the same (~11.2

HW).
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QE Angular Distribution After Heat Cleaning
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Figure 5.10 Angular Dependence of QE for OAD 50nmAg/Grating sample after re-activation.

Extreme Avg Angle (°) | Incident Angle | Avg QE (%)
©)
Max 330.6 24.4 0.2302
Min 320.6 14.4 0.1658
Max 312 5.8 0.2094
Max 300.4 -5.8 0.1848
Min 284.4 -21.8 0.1026
ZERO 306.2

Table 5.3 Average angular dependence of QE for OAD 50nmAg/Grating sample after re-activation.

The QE results of OAD cathode after re-activation are shown in Figure 5.10. The
calculation results for incident angle positions as well as the respective average QE values
are shown in Table 5.3. We can notice that the incident angles calculated in Table 5.3 for
OAD cathode after re-activation are close to the ones in Table 5.2, and have an average

difference of 1.08° from the initial activation results. The plasmonic effect on the QE also
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has a similar trend and gives a similar difference of QE at the absolute maximum angle

when it is compared to the absolute minimum of QE.

However, one can observe that the QE values after re-activation were noticeably reduced
(Figure 5.11). The average absolute maximum of QE after re-activation is 0.2302% at
24.4° (Table 5.4), in comparison with 0.4432% after initial activation of cesium. The QE
drop for OAD cathode at its average maximum value is ~48%. For ND sample, the drop is
~11%. We can observe that OAD cathode shows a larger QE drop from the baking of the
sample. The life time after re-activation is 25 hrs, which is also much shorter than the one

after initial activation.

Average QE Angular Distribution Before and After
Heat Cleaning
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Figure 5.11 Average QE v.s. average incident angles : before (blue) and after heat cleaning (orange).

In spite of the possible cause of the QE drop that was discussed in Chapter 4, the reason
why the OAD cathode suffers a larger effect from the heating is unclear. One possible
process is that the silver thin film was annealed during the heat cleaning. One may argue
that the annealing has modified the grating structure of the silver thin film and smoothened

the OAD enhanced grating structure, which then causes a drop of QE. However, it was
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also observed that the enhancement between the absolute maximum and minimum in
Table 5.10 is similar with that of Table 5.9. This indicates that the plasmonic enhancement
is not much affected, which argues against the existence of significant distortion of OAD
grating profile. Further experiments are required for a better understanding of such

phenomenon.

In particular, the QE performance can be improved by annealing of the substrate. As is
discussed in chapter 4, annealing the substrate to 250 C for 1 hr shows a significant
improvement on the QE of the ND cathode, which would improve the QE of OAD to a
higher level. A better deposition of cesium oxide, or cesium fluoride is also of interest in
improvement of the QE. Such cesium compound has the effect of doubling the QE of that
of cesium and lengthen the life time of the cathode (Figure 4.8), which are of significant

interest for application purposes.
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Chapter 6 Conclusions

We have discussed plasmonic silver grating cathodes, especially the influence of the
plasmonic resonance on the QE of grating cathodes. This chapter will summarize the
studies that were previously discussed. It will also start a brief discussion of a silver-based
magnetic material that is called “silmanal”®, in the hope of enabling future plasmonic
silmanal cathodes for production of polarized electrons, which is important for future large

accelerator facilities.

6.1 MgO/Ag/grating Photocathodes

We have discussed the theoretical calculation and experimental measurement on the work
function of MgO/Ag(100) systems. Calculations that are based on DFT have shown a
decrease in work function ~1 eV from that of bulk Ag. Experimental results from Jaouen
gives the work function of 5ML MgO/Ag(100) to be 3.017eV. The mechanism for such a
lowering effect is explained by the change of charge dipole at the interface, which is
caused by the reduction of the silver electron density at the interface, which was shown in

Figure 3.2b.

The thickness of MgO is found to be less important for the lowering the work function, as
shown in both theoretical and experimental results. For a thickness of 5 ML or higher (>2
nm thickness of MgO), the work function is barely changed, as shown in Figure 3.3.
However, such a statement is not true for the plasmonic performance. Measurement on
the reflectivity of MgO/50nmAg/grating shows a big resonance damping when thickness of
MgO changes from the 2 nm to the 5 nm. A 2 nm (5 ML) thickness of MgO was chosen in

the design of the plasmonic cathode for this reason.

95



However, this lowering effect of MgO on polycrystalline silver was not observed in our
experiment. In the hope of a similar effect of MgO on polycrystalline silver thin films, we
prepared and measured the QE of a MgO2nm/Ag50nm grating cathode. We were not able
to demonstrate proof of photoemission in our measured results, which may be limited
either by the laser photon energy (3.05eV) or the signal-to-noise ratio of our system. An
upgrade of the photon energy would be preferred for better experimental results on such
system, such as the recent measurement done by Droubay’’. Their measurements of the
QE in a planar MgO/Ag(100) system at 4.66eV laser excitation shows to be 7 times greater
than of clean Ag(100). Further plasmonic effects on the QE of MgO/polycrystalline Ag

system would be interesting to examine.

6.2 ND Cs/Ag50nm/Grating

Adding cesium to lower the work function was described in both chapter 4 and chapter 5.
Characterization of the topography of ND 50nmAg/grating sample shows a complete
coverage of silver thin film on the substrate. Optical measurement of reflectivity shows two
reflectivity minima that are related to the plasmonic resonance on such a system. Later
measurement of the angular distribution of QE on the ND cathode shows an agreement of
the maximum/minimum angle positions with the reflectivity measurements. Interestingly, a
symmetrical behavior of the incident angles is also shown in the QE measurements, which
indicates the existence of plasmonic effects on the QE measurement. For the ND cathode,
an average maximum QE of ~ 0.360% is observed. Heat-cleaning of the cesium causes a
decrease of the QE in the ND cathode. After the re-activation, the QE maximum was ~

0.321% and gave a life time of 50.6 hrs.

96



6.3 OAD Cs/Ag50nm/Grating

OAD was also discussed and introduced in the sample preparation for additional benefit of
the enhanced plasmonic effect. Such a cathode was shown to have a stronger plasmonic
performance in the measurement of reflectivity. Simulation based on EM Explorer also
shows a prediction of strong electric field at the surface of the silver cathode, which may
indicate an enhancement of the QE of a OAD cathode compared to the ND ones. Further
measurements of QE show an average of 0.443% at the initial activation and a life time of
~48hrs. The angular distribution of the maximum/minimum of QE follows the same trend
as that of ND, except that the calculated incident angles don’t follow the symmetrical
behavior of ND. This was explained by the existence of a small thickness gradient of Ag
along the direction that is perpendicular to the grating stripe, which is caused by the
deposition at oblique angle. The measurement of QE after re-activation shows a greater
drop than that of ND. The specific reason for such effect is unknown. However, the
difference of the absolute maximum and minimum of QE follows a similar value, which

indicates the existence of a similar grating structure after heat cleaning.

Improvements in the QE of OAD cathodes are also possible. As discussed in chapter 4,
the annealing of the substrate at 250 C gives a significant increase of QE of the ND
cathode, which may be applied to the OAD cathode. Careful deposition of cesium
oxdies/fluorides is also of interest, after considerations regarding their ability of doubling

the QE (Figure 4.8) and providing a longer lifetime.

6.4 Silmanal

Silmanal is one of the Heusler alloys that are usually made from Mn and other added
materials such as Cu, Al, Ag, etc®’. For silmanal, Mn, Al and Ag follow a recipe of ~86.75%
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Ag, 8.80% Mn and 4.45% Al to provide the correct composition. The Heusler alloys are a
type of material that belongs to the half metallic magnets (HFM). It has drawn much
attention because of its unique electronic structure, where the material is metal in one spin
direction and semiconductor in the other. This implies a hypothetically 100% spin
polarization of electrons in when one assumes a 0 K temperature and neglects the spin-
orbital interactions®. Experimental measurements of Heusler alloys give spin polarizations

of 50% ~ 81%89°1,

The current state-of-the-art superlattice semiconductor photocathodes have a typical QE
near 1% at the maximized polarization ~85%. For the silver grating cathode, with the
consideration of the QE of OAD silver grating cathode at ~ 0.443%, and the potential of
improving the QE by substrate annealing as well as by cesium oxide/ cesium fluoride, a
plasmonic silmanal photocathodes have a potential to reach a QE higher than 1%, which

would be beneficial for application in future accelerator facilities.

It is worth noting that recent measurement of distributed Bragg reflector (DBR) structures
of GaAs/GaAsP photocathodes from Liu®? gives a 6.4% QE and 84% polarization at
776nm. This opens another hopeful path of finding suitable photocathodes for future

electron ion colliders through semiconductor photocathodes.
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APPENDICES

Tailored Fano resonance and
localized electromagnetic field
enhancement in Ag gratings

Zhaozhu Lit, J. Michael Klopf2, Lei Wang'-?, KaidaYang' & Rosa A. Lukaszew!

Metallic gratings can support Fano resonances when illuminated with EM radiation, and their
characteristic reflectivity versus incident angle lineshape can be greatly affected by the surrounding
dielectric environment and the grating geometry. By using conformal oblique incidence thin film
deposition onto an optical grating substrate, it is possible to increase the grating amplitude due to
shadowing effects, thereby enabling tailoring of the damping processes and electromagnetic field
couplings of the Fano resonances, hence optimizing the associated localized electric field intensity.
To investigate these effects we compare the optical reflectivity under resonance excitation in samples
prepared by oblique angle deposition (OAD) and under normal deposition (ND) onto the same patterned
surfaces. We observe that by applying OAD method, the sample exhibits a deeper and narrower
reflectivity dip at resonance than that obtained under ND. This can be explained in terms of a lower
damping of Fano resonance on obliquely deposited sample and leads to a stronger localized electric
field. This approach opens a fabrication path for applications where tailoring the electromagnetic
field induced by Fano resonance can improve the figure of merit of specific device characteristics, e.g.
quantum efficiency (QE) in grating-based metallic photocathodes.

Fano resonances were first introduced theoretically by Ugo Fano to explain the phenomenon of auto-ionization
of Helium atoms'. The Fano resonance occurs when the continuum or bright mode in an electromagnetic wave
interferes constructively and destructively with a discrete dark mode. Experimentally the angle-dependent reflec-
tivity of such resonance typically exhibits an asymmetric line-shape profile. This type of resonance has been
observed in several systems such as coupled clusters of metallic nano-particles’, metallic photonic crystals®
and metamaterials>®, etc. It is worth noting that this type of resonance can be used in applications including
sensing'®!", optical modulators'?~'*, selective optical polarizers'®, etc., because of its unique properties. However,
classical optical phenomena such as the Wood anomaly resulting from the interference between Surface Plasmon
Resonance (SPR) with radiative diffraction orders have only recently been clearly understood®'c.

We have investigated geometric effects on the Fano resonance excited on grating couplers due to its high sen-
sitivity to the surrounding optical environment!'™!%. Several technologies for studying grating couplers have been
investigated in recent times, including lithography methods'?, self-assembly®2!, and physical vapor conformal
deposition onto patterned substrates. Here we apply oblique angle deposition” (OAD) to the Ag vapor flux using
DC sputtering to form a film conformal to a patterned substrate. Such approach might offer advantages® over
traditional lithographic techniques for large-scale thin film fabrication.

We also investigated the enhancement of the electromagnetic field in such Ag-coated gratings and compare it
with samples where the film has been deposited at normal Ag influx deposition (ND) onto identically patterned
substrates. In order to correlate the optical response of such structures with the grating geometry, the surface
morphology was probed using atomic force microscopy (AFM) in both cases, while the optical properties were
characterized by experimental measurements of the reflectivity to detect the effect of the Fano resonance excita-
tion on the SPR response. Electromagnetic simulations corresponding to the two types of grating structures have
also been performed to better understand how the grating structure affects the localized electric field.

The College of William and Mary, Department of Physics, Williamsburg, VA, 23187, USA. 2Helmholtz Zentrum
Dresden-Rossendorf, Institute for Radiation Physics, Dresden, 01324, Germany. *University of Virginia, Dept. of
Mechanical & Aerospace Engineering, Charlottesville, VA, 22904, USA. Correspondence and requests for materials
should be addressed to Z.L. (email: zli@email.wm.edu)
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Results

Surface morphology and grating structure. 'The surface morphology of both types of samples was
investigated by imaging the surfaces using atomic force microscopy (AFM), shown in Fig. 1. The AFM images
show a clear difference in grating amplitude for these two different types of samples. For the OAD sample, the
grating amplitude of the deposited Ag thin film (~80 nm) is 15 nm higher than that of the sample grown under
normal incidence geometry (~65nm). This difference is due to shadowing effects from the underlying pattern
stemming from the large incident angle (6~ 77°) of the Ag influx onto the grating substrate during deposition.
Note here that because of the steepness of the trajectory of the AFM tip during scans over the grating surface, the
groove depth values for both samples could have been experimentally under-estimated.

Reflectivity measurements. The p-polarized reflectivity versus incident light angle was experimentally
investigated on both types of samples. The samples were illuminated with 405 nm p-polarized light, with the
plane of incidence perpendicular to the direction of the grooves in the patterned surface. The incidence angle
was varied between 20 and 38 degrees to obtain reflectivity vs incident-angle data. The experimental reflectiv-
ity results for typical OAD and ND samples are shown in Fig. 2(a). We observe a significant difference in the
shape of the reflectivity curve at the SPR angle between these two samples. A narrower and sharper resonance
is noticed for the sample grown using OAD compared to the ND one. We point out that the experimental
results for both samples were normalized with same parameters such as the maximum and minimum reflec-
tivity achieved with the OAD sample. We followed the same normalization method in the simulations. This
normalization was carried out to aid the comparison between samples and between experimental results and
simulations.

Simulation results. We carried out simulations of both grating structures using the amplitude and pitch
experimentally obtained under both thin film deposition geometries using EM Explorer software®. Using the
dimensions obtained from the AFM line scan profile measurements across the surface topography of uncoated
gratings, we simulated an isosceles trapezoidal profile using the same nominal dimensions for the substrate grat-
ing profile in both types of samples. The dimensions of the Ag film layer for each of the two simulated structures
were set according to the AFM measurements for the OAD and ND samples. An illustration of the grating profile
used in both cases is shown in Fig. 3. The reflectivity curves achieved with such simulations for both types of
samples are shown in Fig. 2(b) and compared to the experimental results in Fig. 2(a). For the simulations, the Ag
thin film follows the trapezoidal structure of the grating substrate homogeneously in the ND sample, while the Ag
thin film in the OAD sample was distributed asymmetrically on either side of the stripe to accommodate for the
shadowing effects of the oblique depostion®®. The average thickness of the Ag thin films was set at ~60 nm for the
simulated structures, agreeing with the measured profiles in the real samples. The geometrical distribution of the
Ag film used to simulate the ND and OAD samples are indicated in Fig. 3(a) and (b), respectively. Note that the
grating period used to better fit the ND sample results has been set at 700 nm while for the OAD, the grating pitch
is set at 720 nm, an acceptable difference that is within the 5% variability of our commercial grating substrates
(standard periodicity 740 nm). The simulated Ag thin film structures therefore accurately represent the two types
of samples and account for the different deposition geometries investigated. The refractive index used for the sim-
ulation of the ND sample was n=0.17, k=2.10, while for the OAD sample n=0.17, k=2.20, was used. We kept
the optical constants very close to each other in the simulations. In this way, we are able to examine the effect of a
changing grating profile on the resonance, which is expected to have a more important role since we kept the Ag
thickness similar on both samples. We note though, that the measured Ag thickness is slightly different between
the two samples. This can be attributed to a different growth mode, e.g. different incident angles affecting growth
rates, but we do not expect this to be a substantial effect. The value of the index of refraction used for the substrate
was n= 1.56 for the simulations of both samples. Detailed information for both grating models can be observed
in Fig. 3. Note that the very slight difference in the grating substrate dimensions for the OAD and ND models (e.g.
7 nm difference in the bottom width) is due to the slightly different resolution used in the simulations but this
doesn’t affect the results. All the values of dielectric constants are within reasonable margins (<5%) from those
obtained from ref. 26.

We also want to point out that the simulation model used for the OAD sample is justified because the
actual profile of the grating substrate should allow full coverage of the Ag thin film coating even if not uni-
form., This is expected because reflections of incident atoms from the adjacent grating groove can also occur,
allowing coating of the shadowed side of the groove considered. This phenomenon was observed in ref. 22
where the authors referred to it as “excessive deposition”. This full coverage of the groove is shown in Figs 1(e)
and 3(b).

To understand the physical mechanisms governing our experimental optical observations regarding the dif-
ference between OAD and ND samples, we consider the process of a Fano resonance in a grating coupler. In the
Fano resonance, a bright mode which is a radiative mode excited by the far-field illumination interferes with a
dark mode or a localized mode. The total response is often found to be asymmetric around the resonance as it is
shown in both the OAD and ND reflectivity curves (Fig. 2(a)). The main limitation of the original Fano resonance
expression is that it lacks accounting of intrinsic losses due to the dark mode. Here we adopt Benjamin Gallinet
and Olivier ]. F. Martin’s description of the Fano resonance??, including consideration of intrinsic damping
as shown in Eq. (1). This treatment enables understanding the influence of electromagnetic interactions on the
resonance through the information drawn from a Fano profile.

The line profile for the dark mode is described in Eq. (1).
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Figure 1. (a) Topography image (5pm x 5pm) for an ND Ag 59 nm grating sample. (b) Line scan along the
path shown in green in (a). (c) Topography image (5pm X 5pm) for an OAD Ag 50 nm grating sample. (d) Line
scan along the path shown in green in (c). (e) SEM image of OAD sample which shows full coverage of silver

thin film.
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Experiment Simulation
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Figure 2. Reflectivity (Rpp) vs incidence angle (a) Experimental measurements and (b) simulations for OAD

(blue) and ND (magenta) samples.
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Figure 3. Illustration of the simulated grating profile: (a) ND with a nominal Ag thickness of 59 nm and (b)
OAD with an uneven Ag deposition thickness from 20 to 60 nm.
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Figure 4. Fitting results of Fano resonance for reflectivity data for ND (a) Blue: Rpp data and red: fitting curve
and OAD (b) magenta: Rpp data and red: fitting curve.

Here, w is the angular frequency of the incident light, w, is the resonance central spectral frequency, W, is the
approximation of spectral width where W, < w,, b represents the damping of the Fano resonance and affects the
contrast of the resonance profile and g characterizes the asymmetry of the resonance profile.

The bright mode can be constructed by pseudo Lorentzian form as in Eq. (2)

ﬂ2

r(w) = 5
[”2”'5] +1

2W (2)
where a is the maximum amplitude, w, is the resonance frequency, and W, is the approximation spectral width if
W, < w.,. The total response of the system is Eq. (3), given by the product of Eqs (1) and (2), and can be applied in
measurable quantities for fitting parameters.

R(w) = ryr (3)

when light shines on a grating coupler, its horizontal component of momentum can be expressed as

ky = < sinf + N2
¢ Ag 4)

where @ is the incident angle, A is the grating periodicity, N is the diffraction order, and c is the speed of light.
We measured the 0™ order reflectivity, and the SPR appears when the 1* diffraction order vanishes. Thus we set
N as 1 and grating periodicity as the standard value A;= 740 nm. The reflectivity response of the incident angle
in Fig. 2(a) is caused by the response of k;, on incident angle. Thus we first calculate the value of k,, for each 8
of 405 nm light by Eq. 4. The reflectivity can now be expressed as a function of k. To better analyze the physics
mechanism of this Fano resonance, we propose a pseudo frequency w,,; and a pseudo incident angle .4, and
use wy,q to represent the effect of incident angle on the k), after setting a 8,5, We calculate (in Eq. 4) the value of
a pseudo frequency w4 under each k;,. In this way we convert the reflectivity data to a function of w,.. One can
plot the reflectivity versus pseudo-angular frequency w4 as in Fig. 4 (solid lines). The new reflectivity curves are
then fitted by Eq. 3 using OriginLab®’. We show the fitting parameters along with the standard errors in Table 1
and the fitting curves dashed in Fig. 4 (red). Note that we set incident angles for both samples at their respective
resonance angles. We find that varying the pseudo incident angle from 20 to 38 degrees has very little effect on the
result of g and b for both types of samples, evidencing a characteristic relationship between these two parameters
and the Fano profile itself within the considered angle range. The dark mode and bright mode for each sample
are plotted as in Fig. 5 as an example. Note that the term including grating periodicity is cancelled during the
calculations for each sample and the only changing part in eq. (4) is the term with 8 thus it doesn’t affect the fitting
results.

We see that, in our fitting results, the asymmetry parameter g for the OAD samples is much smaller than for
the ND samples and its reflectivity shows a near symmetric resonance profile. On the other hand, the value of the
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OAD ND
Fitted Value | Standard Error | Fitted Value | Standard Error
Wy 3.10575 0.01979 3.22967 0.00828
A 3.94352 0.10329 3.53975 0.03437
W, 0.32953 0.01436 0.16508 0.00885
W, 3.12978 0.52405 2.22655 0.11962
q 0.06475 0.02458 0.22555 0.0093
b 0.5083 0.00914 0.83131 0.02203
a 1.11337 0.00989 0.974% 0.00477

Table 1. Fitting Parameters of Fano Resonance Profile of Eq. (3), both incident angles of OAD and ND
sample at its SPR angle, respectively. Standard errors are defined as in OriginLab Non-linear Fitting.
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Figure 5. Fitted bright modes and dark modes for OAD (left) and ND (right) samples.

modulation damping parameter b for the OAD samples is noticeably lower than that of the ND samples with good
accuracy. The imaginary part of the dielectric permittivity in a metal would be accountable for the damping effect
when there is interference between bright and dark modes, and it is considered an intrinsic loss. This damped
interference displays either incomplete construction or destruction effects on the Fano profile, and the b parame-
ter evaluates such effect by comparing the ratio between the intensity lost to the metallic structure and the inten-
sity transferred from the radiative mode to a localized mode. When b equals 0, the intrinsic losses would fully
disappear and the reflectivity should reach 0 at the resonance angle. A lower value of the b parameter indicates
lower ratio of intrinsic losses coupling radiative and localized modes. In our case, with the consideration of simi-
lar dielectric permittivity, a stronger coupling between radiative modes and localized modes in the OAD samples
should be the cause of lower damping compared to the ND samples. Thus, we can conclude that the main enhance-
ment effect in the resonance is due to lower damping in the samples grown by OAD than that of the ND ones.
Such scenario suggests the existence of an associated enhanced electromagnetic field in the OAD samples, which
could benefit many applications, such as photoemission from metallic photocathodes, etc. We believe that the
bright mode in the Fano resonance corresponds to the 1st order diffraction in the grating as discussed in ref. 16.
After diffraction of the incident of the light, the 1st order diffraction is generated and couples to the surface plas-
mon resonance, which is a localized mode in the Ag grating. The first order diffraction generated also diffracts
and contributes to the homogenous zeroth order. As a result, the zero order diffraction is the superposition of the
two interactions mentioned above.

To examine this effect in both the OAD and ND samples, we also simulated the electromagnetic field profile
based on the previous model described. These simulations were carried out under the same illumination condi-
tions as in our experiments, i.e., at the same wavelength, fluence, and critical angle as experimentally determined.
The magnitude of the electric fields computed by these simulations is shown in Fig. 6. The expected stronger
EM fields near the surface of the deeper-grooved (OAD) sample compared to the shallower grooved sample
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Figure 6. Electric field intensity of both samples at its resonance angle. (a) ND Ag sample, nominal
deposition thickness of Ag 59 nm. (b) OAD Ag sample, nominal deposition thickness of Ag 50 nm. All
intensities that are higher than 10 are set as red.

(ND) is confirmed, and it is attributed to a lower damping of the Fano resonance which indicates a stronger
coupling of the first diffraction order with the SPR excited on the grating structure'®. Thus we can conclude that
the OAD method offers a viable approach to tailor local electromagnetic field enhancements near the surface in
grating-induced Fano resonances due to our ability to control damping processes.

Conclusion

In conclusion, we have applied conformal thin film growth techniques using different influx geometries during
film deposition to tailor Ag thin film gratings using DC sputtering onto commercial optical gratings. We have
compared the experimental surface topography and reflectivity curves for samples fabricated under OAD and
ND geometries. Analysis of the topography reveals a somewhat deeper groove pattern for the sample obtained by
OAD compared to the one obtained by ND. The enhanced optical response of the OAD sample is demonstrated
by a deeper and narrower dip in the measured reflectance at the resonance angle when the Fano resonance is
excited and by the higher localized electric field computed in the simulations. This enhanced Fano resonance
mode is attributed to lower damping caused from stronger coupling of bright and dark modes in Ag thin film
grating structures in OAD samples. These results demonstrate the possibility of enhancing the quantum efficiency
in devices such as metallic photocathodes by tailoring the surface profile and hence the associated damping
mechanisms at play when using plasmonic approaches such as the ones described here.

Methods

OAD method and sample preparation. An illustration of OAD deposition is shown in Fig. 7(a). The
sputtered beam flux is incident at angle §  77° relative to the normal direction of the grooved substrate. Because
of shadowing effects from the underlying grating groove (Fig. 7(a)), asymmetric accumulation of impingent flux

44335 DOI: 10.1038/srep44335 7



p-polarizer f = 15cm

lock-in amplifier

(@) (b)

Figure 7. (a) Illustration of OAD method and its shadowing effects of sputtering deposition on gratings.
(b) Experimental setup to measure SPR on Ag grating samples.

on the grating allows for tailoring of the resulting structure as indeed we observed. The substrates for both OAD
and ND samples were loaded into a vacuum chamber with base pressure at 2.0 E-6 torr and the Ag films were
grown under an Ar pressure of 7.5 E-3 torr using DC magnetron sputtering, from the same Ag target (99.9%
pure) onto commercial patterned substrates, i.e., polycarbonate diffraction optical gratings. The Ag film dep-
osition was carried out to achieve similar thickness films for both samples - around 60 nm since this thickness
region was previously demonstrated to follow conformal growth. The nominal periodicity of the grating substrate
is 740 nm with a 5% tolerance.

Experiment setup for SPR measurement. The OAD and ND structure samples were mounted on a rota-
tional stage in a custom-built high-precision goniometer system. Each sample was mounted such that the grating
grooves were normal to the plane of light incidence. A p-polarized blue diode laser (A =405nm) was modulated
with a 255 Hz optical chopper mounted in the path of the illuminating incident beam, and the incidence angle
was varied from 20° to 38° in 0.5° increments. We used a Si photodetector (Thorlabs DET10A) and a lock-in
amplifier from Standard Research Systems (SR510) to measure the zero-order reflected beam. The sample surface
was aligned to the center of rotation to ensure optimal measurements in the same region of the sample surface at
all angles. A schematic illustration of the optical SPR setup is shown in Fig. 7(b).
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Another Setup for OE Measurement

Before we use the described experimental setup in Jefferson Lab, we also
designed and established the system in our vacuum system as in Figure 1. The

mechanism of this system is the same as described in section 2.6.1.

1 Transport Fork

2 A New Arm: Manipulator
3 Faraday Cup

4 Sample holder and sample
5 Laser light

6 Additional fork to help
transport the sample

Samplq preparation /n-situ under Loadiock Dverview
ultra high vacuum ~ E-9 torr

Figure 1 A schematic design of the QE measurement setup.

This measurement system was located in the loadlock of a UHV system, and is in
connection to the deposition chamber. It contains a new arm that receives the
cathode from a transport fork. The Faraday cup was made by the copper wire and
was placed ~ 2cm above the cathode surface. The laser light was incident through
the window at position five. This system was used in the QE measurement of
MgO/Ag/grating samples.

Before we had grown the MgO/Ag/DVD samples, we grew the silver grating
cathodes on CD grating substrates. Figure 2 is the plasmonic characterization of

such samples. Preliminary measurement showed a result of ~0.1pA.
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Figure 1 Reflectivity measurement of different deposition time of MgO on Ag30nm/CD samples.
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