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Modelling Laser Modified Secondary Electron Yield Response of Surfaces

Amin A. Din,%'® Robin Uren,! Stefan Wackerow,! Ana. T. P. Fontenla,? Stephan Pfeiffer,? Elisa. G. Tabares,?
Svetlana Zolotovskaya,! and Amin Abdolvand?

DSchool of Science and Engineering, University of Dundee, Dundee, DD1 4HN, United Kingdom

2)Ebtropean Organization for Nuclear Research, CERN, 1211, Meyrin, Switzerland

Electron clouds hinder the operation of particle accelerators. In the Large Hadron Collider (LHC), the:copper beam
screens are located within close proximity to the beam path, resulting in beam-induced eleéctron multipacting; which is
the main source of electron cloud formation. Conditions for multipacting are encountered when such surfaces have a
Secondary Electron Yield (SEY) greater than unity. Roughening the surface through-laser processing offers an effec-
tive solution for reducing secondary electrons. Laser ablation leaves behind a complex rough;, multi-scale geometrical
surface with an altered chemical composition. Current models often over-simplify the geometry, do not have sufficient
experimental data to derive input parameters, and exclude SEY-reducing mechanisms such as the surface chemistry.
Leading to electron-matter interactions which do not resemble that of a real surfacé Here, this complex surface is
studied on copper used in the LHC, and the influence of microgeometry, inhomogeneous nanostructure and complex
surface chemistry on the SEY is investigated. A novel, improved model is _proposed that characterises these sophis-
ticated structures, enabling the efficient design of surfaces to reduce SEY. To validate the model, samples were made
using a variety of laser parameters. Modelling insights revealed that'secondary electron suppression is not only caused
by the microgeometry but also the nanostructure and chemical modification play a role. Contrary to the conventional
theory, high aspect ratio structures are not necessarily required for effective SEY reduction. Currently, the model is

applicable to a variety of surface morphologies and could be employed foriether materials.

I. INTRODUCTION

Secondary Electron Yield (SEY) is an emergent property
of a material that describes the number of secondary electrons
emitted from the material’s surface when bombarded by ener-
getic particles, such as primary electrons. Step-by-step, sec-
ondary electron emission begins with an electron-matter in=
teraction which may induce electron excitations in the'solid.
The excited electrons then propagate through the material in-
elastically scattering, those which escape thesurface barrier
are referred to as secondary electrons.! The SEY is,a measure
of the ratio of the emitted secondary electron currentito the
primary electron current.

Electron clouds induced by seconddry electronemission
(SEE) have been detected in particle acceletators:for over half
a century.>> In the Large Hadron Collidef (LHQ), a thin layer
of copper is utilised in the beam screenndesign in order to
protect the surrounding superconducting devices and maintain
operating conditions by limiting'the heatdoad and grounding
the system.*¢ Although, the beam screens current configu-
ration exposes copper to'high-energy protons. Because cop-
per has an innate SEY-of approximately 2 (depending on the
surface properties), /conditions forielectron cloud generation
become inevitable. | Consequently, exceeding the heat load
on the system, generating undeésired conditions and distorting
the beam dynamics thereby limiting the performance of the
LHC.>7 With an increase in energy expected from the High-
Luminosityupgrade®°, électron cloud formation will be more
sensitive to SEE. This makes reducing the SEY of exposed
surfaces near to unity more critical.

There are anumber of techniques available to reduce the SEY

DEmadil: adin@dundee.ac.uk

and thereforedmitigate electron clouds. All techniques involve
either manipulating the surface chemistry and/or inducing sur-
face roughness. Coating a surface with a low SEY material es-
sentially changes the surface’s electronic structure and there-
fore the response to incident electrons. This mechanism is
also'possible on the nanometre scale and is referred to in the
literature as double-layer structures.!%!3 Alternatively, rough-
ening the surface can be used and is capable of both enhanc-
ing and suppressing SEE.!* The former is due to the inci-
dent angle-dependent SEY.'>16 At grazing incidence, higher
energy electrons are able to penetrate the surface within the
electron escape depth.!” Therefore interacting with more in-
ternal electrons, while preventing significant inelastic events
on their transport through the solid, thus emitting more sec-
ondary electrons. The latter is applicable to highly rough sur-
faces and is characterised by the secondary electron’s ability
to escape the rough structure. On increasing roughness, the
probability of inelastic events is increased, therefore reducing
SEE due to the low-energy SEY being less than unity.

In the literature SEY reduction techniques vary from coat-
ing the surface with a low SEY material'®!°, inducing sur-
face chemistry changes via conditioning/heating®®?!, textur-
ing the surface through a variety of techniques such as laser
processing?>~>/depositing a porous coating?® or a combina-
tion of these techniques.?’

For the copper beam screens reducing the SEY in-situ is de-
sired, for which Laser Engineered Surface Structuring (LESS)
is considered an effective method.?>?® LESS is where a pulsed
laser source is used in order to write highly organised struc-
tures onto a surface. A by-product of the laser structuring is
the re-deposition of the removed material on the surface in
the form of nanostructures and an altered surface chemical
composition.>*=3 Fig. 1 illustrates an example of LESS pro-
duced by a solid-state laser operating at 532nm with a pulse
duration of 10ps. These structures are obtained by controlling
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FIG. 1. Scanning Electron Microscopy (SEM) images of LESS pro-
duced by a solid-state laser operating at 532nm with a pulse dura-
tion of 10ps, with an aspect ratio, (A = h/w), of 2.4 and a porosity,
(P = w/H), of 57%, (a) side view, (b) top view illustrating rede-
posited compact and dense cauliflower structures.

laser parameters to tailor their geometry, which includes the
microgeometry and nanostructure. The microgeometry is de-
scribed by the aspect ratio and porosity. The nanostructure ob-
served is characterised by its size, shape and porosity. There
are generally three types of nanostructures observed associ-
ated with LESS®%, compact and dense cauliflower structures,
less compact structures and Laser-Induced Periodic Surface
Structures (LIPSS).%’

In order to optimise laser structuring for SEE reduction in a
variety of materials and applications, it is requisite to under-
standing the mechanisms responsible for reducing SEE and
shifting the maximum SEY. Currently, there are limited/spe-
cific studies in the literature modelling precisely LESS while
capturing this SEY-energy dependence.’®

Meeting the SEY specifications of any device, in this case, the
LHC, can be an engineering challenge requiring many experi-
mental iterations, thus consuming both time and resources. If
the mechanisms responsible for SEY reduction are understood
via predictive modelling, surfaces can be technically designed
to meet requirements.

There are several models in the literature which have the abil-
ity to approximate the SEY of porous structures.’?#* Al-
though current models often over-simplify the,geometry, do
not have sufficient experimental data to derive input param-
eters, are limited to multiple electron generations and ex-
clude critical SEY-reducing mechanisms, such as the modi-
fied surface chemistry (Fig. 2 illustsates the surface chemistry
post-LESS on our copper) which, therefore)leads to electron-
matter interactions which do not resemble that of a real sur-
face. This could be duesto the challenges involved in mod-
elling the nanostructures-in addition/o quantifying and mea-
suring the SEY and SEY-related properties (incident angle de-
pendence and SEY-energy spectrum) of a poorly defined sur-
face composition post-processing, especially if there is nanos-
tructure involyed. Since it'becomes very difficult to disen-
tangle the nanostructuré from the surface chemistry and un-
derstand to_what.extent the nanostructure alone would affect
the SEY.Considering only the microgeometry, previous mod-
els are acceptable. However when modelling LESS, to cap-
ture the energy-dependent electron response, one needs to
consider the inherent SEY-energy spectrum, incident angle-
dependent SEY, complex nanostructure and the variation in
surface chemistry due to the formation of such nanostructures.
Through simulation, the objective here is to reveal the mech-

2

Cu,0 & less Contaminants

Post - LESS

FIG. 2. Simplified SEY reduction theory of LESS treatment in ni-
trogen atmosphere, example with two different nanostructures de-
posited. Dark grey: less compaet structures. Black: compact and
dense cauliflower structures.

anisms responsible for suppressing SEE in LESS, understand
why the SEY-energy dependéncy changes and ultimately pro-
vide a predictive model which could offer insight into the de-
sign of surfaces for.meetingtechnical specifications.

Il. METHODS
A. {Furman’s Model

The working principles of the phenomenological model are
detdiled by Furman ez al.*> and will briefly be covered here.
The model input parameters are obtained by fitting experi-
mental SEY data of the desired untreated surface, in this case,
multiple forms of copper (refer to appendix A 1 for more de-
tails). Using this information, the probability description of
SEE can be determined on a single electron-matter interaction
basis. Therefore, adjusting the geometry and surface con-
ditions within CST Studio Suite facilitates the simulation of
technical surfaces.

Table I illustrates some of the parameters used to fit SEY
data (see supplementary material) corresponding to our re-
cently measured as-received copper at CERN (from hereon
will be referred to as AR), cuprous oxide (Cu,O) and amor-
phous carbon (a-C).?3% The AR copper state is not a well-
defined state and the SEY can vary depending on the level
of contamination*®*?, in the literature values range from
1.9 — 2.2 are given.?%??> These parameters are then inputted
into probabilistic density functions in order to determine the
number of secondary electrons emitted, their angles, and en-
ergies when a primary electron with incident energy and angle
collides with the surface. In this model, the angular-dependent
SEY is proportional to [1 4 ¢ (1 — cos®20)], where e; and e,
depend on the surface state. The scaling variables are deter-
mined through recent SEY measurements of sputter-cleaned
copper up to 50° incidence, illustrated in the supplementary
material, and we assume that all emitted electrons follow a co-
sine angular distribution regardless of their energy. The emit-
ted secondary electrons’ energies are characterised by experi-
mental SEY-energy spectrum data.*® Then a particle tracking
solver is used to record electron trajectories and the process is
repeated on successive electron-matter interactions. The em-
ployed Monte Carlo method results in SEY behaviour con-
verging towards the inputted untreated surface. To realisti-
cally model electron-matter interactions, emitted secondary

Page 2 of 12
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TABLE I. Partial overview of model fitting parameters.

Elastic Parameters (6,)

E, (eV) P, G P W(V) p. e e

Cu AR 0 0.23 1 0.01 220 1 21 2.1
Cu,0 0 0.26 1 0.02 130 1 18 1.6
a-C 0 0.17 1 0.01 200 1 09 09

Inelastic Parameters (0,)

E, (eV) Py, r q 7 r2
Cu AR 40 045 1.45 04 0.01 0.0
Cu,0 150 0.58 1.45 04 0.01 1.0
a-C 200 020 1.60 04 120 1.2
True Secondaries Parameters ()
Ers max (eV) Sts,max s n 15} ;3 I4
Cu AR 300 146 1.57 1.05 095 1.15 1.0
Cu;0 425 0.83 1.58 1.23 1.10 1.15 1.1
a-C 240 0.74 1.75 0.73 093 0.70 0.6

electrons are segregated based on their energy and are pa-
rameterised. Elastic electrons of energies E,eV are electrons
emitted with little or no energy loss. True secondary elec-
trons are conventionally described as electrons with energies
below 50eV. Finally, inelastic electrons are those with ener-
gies in between the true and elastic boundaries. The tabulated
parameters characterise the SEY-energy relationship of each
type of secondary electron and the angular dependence. 830,
and &y are calculated according to Eq. A1-A3. The SEY fit of
the inputted flat surface (8¢) is the sum of each type of emitted
electron (Eq. 1), plotted in the supplementary material.

6f — 6g+6r+6[s (1)

B. LESS Modelling

We considered a trench-like geometry, illustrated in Fig. 3,
induced by LESS, that is finite in the x-axiSandperiodic in the
y-axis. In order to reproduce the actual conditions of LESS
accurately and concisely, a number 'of assumptions were in-
troduced. First, it is assumed that the geometry is homo-
geneous, and therefore a section of interest can be extracted
which on average represents.the, entire,surface. In this case,
the trench is modelled and the surrounding untreated region
is factored in depending on the porosity (illustrated in Fig. 1),
thus constituting a unit.cell. To.consider the finite structure in
the x-axis, reflecting/surfaces with.a SEY of unity confine the
electrons to the geometry. In this case the reflecting surfaces
have a cosine angular distribution and therefore the length of
the structure neéeds to be significantly larger than the height
of the trench in order to limit the number of electrons inter-
acting with_these, surfaces. To reflect LESS conditions and
better model electron=matter interactions, the microgeometry
was obtained by sketching over cross-sections of the sample’s
trench. Care needs to be taken when modelling large aspect
ratio trenches since the nanostructure could fill the trenches,
reducing the depth the electrons can interact with.

Regarding the nanostructure, this was slightly more compli-
cated to model precisely due to its inhomogeneous distribu-

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136499.R1

FIG. 3. Cross sections of LESS geometries bombarded by 1keV pri-
mary electrons at ¢ = 0.4ns in CST Particle Studio. Left presents a
trench with an aspect ratio,/A =72.05 andithe right, A = 0.41. only
SEs are shown at reduced density to clearly illustrate inelastic scat-
tering.

~

tion, density, arbitrary shapes and sizes as well as the mul-
tiple scales of geometry present. A similar approach was
taken to medel the nanostructure, i.e., taking a small nanos-
tructured section from/SEM images, illustrated in Fig. 4. By
thresholding,the pixels of the SEM image, the area coverage
of nanostructures, was extracted and the porosity was deter-
mined. \The nanostructure’s height was approximated based
on cross-sections and was assumed to have an aspect ratio
close/to unity. The surface area of the nanostructures was
apptoximated by sketching their profile. Finally, the 3D ge-
ometries/were visually modelled based on this information to
better resemble their electron response. To simplify the vari-
ance in nanostructures among different samples, three types of
nanostructures were simulated in order to determine their sec-
ondary electron-trapping capabilities, illustrated in Fig. 4 and
Fig. 5. Firstly, compact cauliflower structures (denoted H),
which have an agglomerate form causing a high porosity and
aspect ratio®?, suggesting a greater trapping effect. Secondly,
non-compact structures (M), having a slightly lower aspect ra-
tio implying a reduced trapping potential. Finally, less dense
LIPSS (L), which have little to no reduction factor as inferred
by the literature*>>°, due to their limited aspect ratio and
therefore trapping ability as well as the less modified surface
and therefore increased contaminants. Ultimately the role of
the nanostructure in electron-matter interactions in LESS: in-
creases grazing incidence and therefore SEY, reduces the sec-
ondary electron’s escape probability within the trench due to
emission angles less likely to meet the conditions for escap-
ing, inducing successive collisions with other nanostructure
(resembling microgeometry suppression technique) dampen-
ing the emitted electron’s energy within the trench and coat-
ing the surface with a potentially modified composition and
therefore SEY-energy relationship. Therefore, the exact shape
of the nanostructure can be approximated provided the condi-
tions simulated are close to what the incident electron on av-
erage sees, i.e., more protrusions than normal incidence and
the size and porosity are within reason.

Through SEM observation, the presence of nanostructures
both within and between the trenches on the surface post-laser
ablation indicates that the nanostructure globally modifies the
SEY. It is important to note that some trenches have different
nanostructures within and between the trenches.

Since laser ablation induces chemical modifications on the
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FIG. 4. SEM micrographs of the three common nanostructures observed on the untreated area after ablating copper with a solid-state laser
operating at 1030nm with a pulse duration of 800fs; compact caulifiower clusters, non-compact molten structures and LIPSS, respectively.
Top row at 10000x and the bottom at 50000 x magnification. These three structures can vary in size, shape, distribution and density. Though

one could assume on average, over a macro-region, their properties are homogeneous.

oo

L 4

FIG. 5. Left, middle and right images presenta 20% porous cauliflower structure (H), a 10% porous less compact structure (M) and a LIPSS
(L) with an aspect ratio of 0.24 and a,period of 350nm, with an average incidence of 57°, 41° and 27° respectively. Note, the H structure is
validated through a-c simulations (mentioned latet in the text). Structure details were decimated for reasonable computing speeds.

surface this will need to be accounted for in the model. The
accumulated fluence irradiated on copper can be categorised
and calculated according to Bez«¢t al.>* For low fluences
< 100J /cm?), the sarface/becomes €u, O dominated, a grad-
ual increase in the fluence results in the coexistence of Cu, O
and CuO, and finally a furtherincrease leads to the prevalence
of CuO. However, surface contaminants will likely still be
present which will result in local areas with different SEE be-
haviour. /Therefore,tosimplify this complex surface depen-
dence, Here we assume that for a fluence beyond 1500/ /cm?
the probabilities of SEE can be derived from CuO and for a re-
duced fluence, provided sufficient material is removed and the
untreated region is coated in nanostructures, the surface can be
characterised by Cu,O. If a nitrogen-rich atmosphere is used
during laser processing, we can assume the surface is likely

dominated by Cu>O. As in the literature, it is observed that ni-
trogen suppresses further oxidation and the nanoparticles be-
come passivated.’! Although, if the surface is not coated in
nanostructure or there are LIPSS present, the SEE probabili-
ties can be derived from AR copper. This assumption facil-
itates electron-matter interactions which resemble the actual
post-processed surface.

Once the geometrical conditions were defined, the materials
were assigned, and a tetrahedral mesh was applied. Next,
the electron-emitting surface was calibrated to emit > 1 x 10*
electrons. Lastly, the model was set to iterate through inci-
dent electron energies between 50eV and 1000eV. This is the
range of interest in the LHC which determines multipacting.
The extracted results from the model include the incident and
emitted currents which can be segregated into n' generations

Page 4 of 12
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of electrons, average energies of n/ generation of secondaries
as well as the number of collisions. Secondary electrons are
recorded up to the 8" generation. Beyond this, the average
secondary electron energies drop below 20eV and no longer
significantly contribute to the SEY. The cutoff point of 20eV
is somewhat arbitrary and was chosen because the probability
of generating further electrons beyond this energy is almost
negligible for copper.

From the extracted collision and emission current data, I.,1,,
the sample, primary and secondary currents, Iy, I, I, are:

Li=1.—1, (23)

Lsee = Ip —1I (2b)

Now the SEY of LESS can then be determined. Firstly, the
nanostructure between the trenches is modelled and assigned
a material according to the accumulated fluence and ambient
treatment conditions. Then the nanostructure is simulated at
0? and 50° incidence and the SEY is calculated to obtain its
angle-incident SEY behaviour.

- Liec(ns;)
d(ns;) = 1, (5, 3)

The extracted SEY data of the nanostructure deposited within
the trench, & (ns;), is then fitted and a new material is défined
which generates SEE probabilities that resemble the nanos-
tructure’s electron-matter response. Next, the trench geom-
etry, 6(¢), is simulated using this SEY behaviourjtherefore
holistically including the geometrical and chemical SEY de-=
pendents.

(1) = )

Then the untreated region’s nanostructure;, &(#nsy), 18 simu-
lated. N

o Liec(M8u)
6(”Sut) 2 Ip(nth) (5)

Finally, the SEY of LESS, 6gsssis calculated, where P is the
porosity, illustrated in Fig. 1.

Opess = 6 (L) X Pt 8 (nsur) x (1—P) ()

C. Experimental Methods

Several samples wereproduced using different laser param-
eters (see appendix B, Table III) in order to validate the model
and develop a greater understanding of the relationship be-
tween LESS and SEY. Here, four sample sets will be intro-
duced, green series (G), delta series (D), infrared series (IR),
and finally diffractive optical element series (DOE). Each se-
riespintends to offer a unique insight into the role of laser-
structuring on’ SEY. The first three sets involve the typical u-
shaped trenches. The green series investigates the change in

AUTHOR SUBMITTED MANUSCRIPT - JPhysD-136499.R1

aspect ratio on SEY. The IR series focuses on, generating dif-
ferent nanofeatures. The delta series is included as our group
has done some further experimental studies using this parame-
ter set, specifically, coating these structurés®’, eliminating the
complex surface chemistry entangled with the nanostructure
formation. Thus enabling the investigation solely into the role
of micro- and nanofeatures onthe SEY and validating the H-
type nanostructure. This is possible by simulating the trench
microgeometry with a modelled cauliflower cluster and then
slightly modifying the modelled. cauliflower cluster to better
fit the SEY behaviour. Sinee Piviver al*® has demonstrated
that modelling simple microstructures can give a good SEY
prediction. Finally, the DOE set is unique because the beam
shaping through the DOE distorts.the power distribution gen-
erating w-shaped trenches'which have never been modelled
before. Therefore, each sample will have some degree of vari-
ation; whether that is microgeometry, nanostructure or sur-
face chemistry. Providing the opportunity to study each SEY-
reducing mechanism andits influence on the SEY and validate
the model:

We describe the experimental procedure involved in making
sample set G22, which is the same for the D series, which are
then coated according to Himmerlich et al.?” Refer to our pre-
vious work®. for the parameters for producing the DOE set.
The AR series’experimental procedure is the same as the DOE
series setup however the DOE is removed as well as using dif-
ferent.parameters.

Once the samples were produced, various techniques were
used to characterise the samples. SEY data was measured on
each sample using the collector method at CERN, see supple-
mentary material, with further details elsewhere.>? In order to
model the samples, for the microgeometry, the trench cross-
sections and nanostructure SEM images were collected ac-
cording to Bajek ef al??, and XPS data was recorded following
the procedure reported by Bez et al.>* For deriving modelling
parameters untreated samples were characterised, SEY data
was collected for AR copper, Cuy O and CuO, sputter-cleaned
copper and amorphous carbon. As well as SEY-energy spec-
trum data for AR copper, sputter-cleaned copper and amor-
phous carbon according to Schulte er al.*® Lastly, angle-
dependent SEY data was collected for sputter-cleaned copper.

I1l. RESULTS AND MODEL VALIDATION
A. Experimental Comparison

The sample characteristics and results are summarised in
Table II. Fig. 6 presents a comparison between the experi-
mentally measured SEY (blue) and the proposed model (red).
The proposed model is capable of reproducing electron-matter
interactions in LESS. The model’s predictive ability is at-
tributed to the better-approximated microgeometry, the inclu-
sion of the nanostructure and surface composition. As well
as accurate SEY experimental characterisation which enables
realistic probabilities of SEE and associated energies. There-
fore, simulated electron-matter interactions better resemble
that of a real post-processed surface. The reason for this, if
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6
TABLE II. Sample properties.
Sample Cu AR G1 G2 G3 D7 IR1 IR2 DOE1 DOE2 DOE3
Aspect Ratio - 2.05 1.10 0.50 0.80 0.68 0.53 0.41 0.71 0:20
Porosity - 0.57 0.57 0.57 0.85 0.76 0.76 0.79 0.60 0.61
ns; - H H H H H H H H M
nsy; - H H M H M L H M H
Cu (in at. %) 24.3 47.1 - - - - - 339 26 27.7
C (in at. %) 40.6 12.9 - - - - - 30.1 42.5 45.1
O (in at. %) 32.0 40.0 - - - - - 30.8 26.7 27.2
N (in at. %) 1.9 - - - - - - 5.2 4.9 -
Omax 1.99 0.90 0.98 1.16 0.86 1.14 1.30 1.00 1.23 1.56
Omax Model 1.98 0.78 0.86 1.24 0.90 1.09 1.32 1.07 1.11 1.31
Epax (€V) 300 750 750 650 780 650 450 600 500 450
~
20 AT T T T T T —— AT T
16 :,' S ”, e !‘ PP CE I S “ ‘--‘--..k
,’r ,'r m—o—-»—t—.—‘-,,-w .’ i at - S —
81‘2:. Ch 2 A A A A A A aaas 'a vm..an=a e i“'.;},,— *:_: _': L ]
E ! R s mmsssmssnmmu | .‘.::‘/( {4 " R EETERS
2 | ah/ L euESCe . S R /0 S e m AR IR RIS A
Yl Y
0.4 " / ':I//I'I'.-'—i'i L | - :I L }
/ e Gl m G a G f’“l e 07 M D7aQ A RIA ¢ = e DOEL W DOE2 A4 DOE3
<G =02 4G - 07 @ 074 =Rl - R2 —e- DOEl —%- DOE2 —i— DOE3
0o 0 200 400 50‘0 3(‘)0 1060 1] 200 4(‘)0 65 B{SO 10‘00 0 200 400 GC‘)O 860 10‘00

Primary Electron Energy (eV)

Primary Electron Energy (éV)

Primary Electron Energy (eV)

FIG. 6. SEY data, the dashed line represents air-exposed copper (AR ‘state), blue is experimentally measured and red is LESS modelled.

FIG. 7. Cross-sections and SEM images of the untreated surface from LESS samples. (a, e) G1, (b, f) G3, (c, g) DOEI, (d, h) DOE3.
Himmerlichet al*/iprésents images of sample D7 before and after coating.

we considefithe complex surface left behind after laser ab-
lation, there is a multiscale geometry that includes a trench
with a number of smaller protruding features as illustrated in
Fig. 7. Furthermote, due to the light-matter interaction induc-
ing extremely high temperatures on the surface and the envi-
ronmental,conditions of processing, the surface composition
will inevitably change 2931333

When an electron collides with such a surface, due to the sur-
face morphology there is an increased probability of the elec-
tron interacting at grazing incidence (therefore accurate SEY-
angle-dependence data is required). Upon the electron’s trans-
port through the solid, the energy loss mechanisms, density of
states and work function are no longer that of the AR copper
state, but now tending towards a more oxidised copper with
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less contaminants as discovered through XPS data. Therefore,
this electron is no longer exciting as many internal secondaries
as before and thus fewer electrons are being emitted into vac-
uum, thereby reducing the SEY (thus the surface chemistry
needs to be characterised for accurate SEE probabilities). Not
only this, the electrons that are emitted from the surface now
have to escape the LESS. These electrons, depending on the
surface structures, may encounter vast amounts of nanostruc-
tures that inelastically scatter incoming electrons thereby re-
ducing their escape probability and reducing the SEY due
to successive low-energy electron-matter interactions. There-
fore, to reproduce electron-LESS interactions, a good approx-
imation of the surface structures and SEE energies are impor-
tant ingredients in obtaining the correct SEY. Again, the elec-
trons that escape the nanostructures need to be within the es-
cape angle of the trench in order to be emitted into free space
and contribute to beam-induced electron multipacting. Other-
wise these mechanisms will continue to occur, suppressing a
number of emitted secondary electrons.

Therefore, models which oversimplify the multiscale geome-
tries, exclude the post-processed chemical modifications and
have insufficient experimental SEY data are not appropriate
for LESS, and will lack the ability to capture the SEY-energy
relationship. A maximum error in 8, of 20% has been ob-
served despite a variety of geometrical and surface chemistry
dependents, thereby validating the model.

B. Model Insights

Through modelling LESS it is realised that the idea of a
high aspect ratio structure is not a requisite for SEY reduc-
tion, even in the case where a less compact nanostructure is
deposited (Table II, samples G3, IR1, IR2, DOE2:and DOE3).
Trenches of insignificant aspect ratio (< 14 depending, on the
lateral wall angle) on an AR copper surface do not suppress
SEE effectively, in some cases they may enhance it. This is
due to the grazing angle incidence phenomenon!>19, the low
first cross-over energy and the large escape probability of the
low aspect ratio trench.** To qllustrate this, let’s consider the
D7 sample with an aspect ratio of 0.8 and a porosity of 85%.
Simulations were conductedfor, changingithe SEY-reducing
variables such as the surface chemistry and nanofeatures. In
Fig. 8, sample AR represents a simulation of the microgeome-
try feature on sample D7-characterised by AR copper, exclud-
ing the nanostructuré contribution. Clearly, the SEY glob-
ally increases. Upon including the nanofeatures, sample ARy,
SEY reduction becomes possible although not to the extent
measured experimentally. Again if we exclude the nanofea-
tures and conisder a CiipO dominated surface the SEY with
respect to air-exposed copper is lower, although again does
not resemble the experimental data. Once both mechanisms
are included, i.e.f both surface chemistry and nanofeatures,
Cuy Oy, we see a better prediction of the SEY. Thus this engi-
neered surface reduces the SEY through nanofeatures and the
oXxidised surface (with reduced contaminants present), facili-
tating,geometrical trapping.

If. geometrical features are fabricated in such a way that
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FIG. 8. Simulated SEY,of sample D7, excluding SEY reducing
mechanisms such as chemical and/or nanofeature contributions. Exp
refers to the measured SEY. AR simulates a unit cell covered in AR
copper,excluding nanofeatures. ARy is the same but includes the
nanofeatures. Cup©.simulates a unit cell coated in Cu; O, excluding
nanofeatures. Finally, Cu; Oy holistically includes each mechanism.

L

the/surface composition changes, which LESS does based
on|the XPS data (Table II) and the literature?’3*3!, the
SEY ‘will also change. Upon laser processing, a transi-
tion from contaminated air-exposed copper to a less contam-
inated cuprous/cupric oxide will reduce the SEY regardless
of geometrical effects'”-3*. This is because the incident elec-
trons now interact with a more oxidised surface which has a
lower SEY 420 compared to a collision with an air-exposed
surface.!32746:33 However, the extent of this reduction is dif-
ficult to quantify due to the undefined contaminated states
of AR copper and therefore the compositional changes post-
LESS will vary making it challenging to model. It is important
to note that the surface composition’s SEY reduction capabil-
ities will differ depending on the material and initial surface
state.

The role of geometry, specifically nanostructures was investi-
gated in order to observe their effect on SEY. Simulations sug-
gest that geometrical trapping is a present suppression mech-
anism for cauliflower and non-compact features whereas for
LIPSS it is likely chemistry dominant. It is clear that nanofea-
tures are capable of lowering the SEY, although their ability is
dependent on the type of nanostructures deposited and the ma-
terial. For example, the same cauliflower nanostructure could
behave very differently if coated in alumina as opposed to
copper. Since alumina’s high SEY and low first cross-over
energy>* makes the surface behave like an electron multiplier
compared to the desired suppressing effect observed on cop-
per. The same structure could also behave differently on a
low SEY material such as amorphous carbon. In this case
it will be more suppressive compared to copper due to the in-
creased probability of absorption for low-energy electrons and
reduced inelastic coefficient. Therefore, to conclude there is
a range of potential SEY reduction which the nanostructures
(geometrical features) can offer.
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FIG. 9. Measured energy distribution curve, N(E), of Cu AR*®, seg-
regating secondary electrons according to their energy.

Modelling LESS indicates the shift in J,,,, to higher ener-
gies is a function of the incident angle-dependent SEY, in-
elastic electron yield, and surface chemistry. The angle-
dependent SEY increases SEE for higher energy electrons
and it is evident that a shift is observed solely due to the
angle-dependence.” Additionally, a high inelastic electron
yield, &,, (see Fig. 9, in the case of energetic incidence where
the backscattered electron yield dominates) will increase the
number of inelastic events a secondary electron/can undergo
within the rough geometry. Multiplying the next generation
of SEE further, providing electrons with an increased escape
probability, favouring energetic incidence. Amother influenc-
ing mechanism could be the emission angle of.the 8, and
O, contributions of secondary electrons which are assumed
to follow a cosine distribution rather than their actual lobe-
like angular distribution.® On the other hand, surface chem-
istry may increase the first cross-over energy and therefore
increase the probability of low-energy eléctron absorption.>’
Each mechanism combined manipulates the SEY-energy re-
lationship, generally shifting the maximum SEY to a higher
energy. Considering the D7.sample, insights into the SEY-
energy shift can be offered. Post laser treatment, the SEY
is reduced and the typical shift in g, is observed. Simply
coating the sample in amerphous carbon reduces the plateau-
ing behaviour, despité maintaining a rough structured surface,
which is associated with‘a shift in 8,,,. This is attributed
to high first crossover{energy and the low inelastic coeffi-
cient of amorphous carbon*® The 8, component for an un-
treated surface beyond 0, is below 0.2 for amorphous car-
bon compared to,a J, of between 0.5 — 1 for copper. There-
fore, when an electron of 1000¢V interacts with amorphous
carbon,|on average on average secondaries will exhibit ener-
gies below:50eV. Whereas for copper a larger number of sec-
ondaries will'have energies beyond 50eV . Thereby increasing
the:SEY, causing a more significant shift. A marginal shift
is still)present however this is solely from the incident angle-
dependent SEY.

8

C. Modelling Performance and LESS Design for SEY

The model performance is consistent, although the surface
chemistry assumption can lead to incteased error margins,
since in reality, the surface composition will neyer be con-
stant. There are few conditiofis that may arise, for example,
not considering any surface adsorbates, since.these species
will always be present. Although, thexmodel remains accu-
rate despite this assumption.sPossibly because the modelled
nanostructure is less suppressive than its real counterpart. As
opposed to the surface composition, ereating a balance. Ul-
timately culminating in a relatively accurate description of a
laser-treated surface. .Consequently, this is likely the reason
for underestimating the low-energy SEY. Another possible er-
ror may arise if samples are treated in air at a moderate flu-
ence. Since a/oexistence phase of CuyO to CuO emerges
making it challenging torcharacterise the surface composi-
tion. Furthermore, an increased error margin may be expected
when insignificant material is removed and the surface left be-
hind isdin a'coppetrstate similar to its AR state but with re-
duced contaminants, which can be observed in sample DOE3.
Considering the DOE sample set (Fig. 7 (c,d)), comparing
DOEL to DOE3, the aspect ratio in both cases is insignificant
to reduce theaSEY of AR copper. The reason why DOEI] is a
better secondary electron suppressor is because of the higher
laser power and reduced hatch distance causing more removed
material implying a less contaminated surface. Furthermore,
within the trench, DOEI1 is coated in a cauliflower structure
which facilitates electron trapping compared to DOE3 with
a smaller aspect ratio with less compact and LIPSS features
present in the trench (Fig. 7 (g,h)) which would likely resem-
ble a more contaminated surface and therefore higher SEY.
Modelling error is inevitable and will arise due to the sophis-
ticated surfaces. Other possible modelling discrepancies may
stem from deriving angle-dependence parameters of each ma-
terial from clean copper, underestimating the angle-dependent
SEY beyond 50, using a cosine angular distribution for all
emitted electrons and simplifying the nanofeatures down to
three types of structures.

One needs to be careful when modelling higher aspect ratio
structures. From Fig. 7, upon increasing material removal
with a gaussian beam, the u-shaped trenches become rela-
tively narrower. This may result in the bottom of the trench
being clogged up with nanostructure, thus not actually reflect-
ing a trench of such aspect ratio which could result in an in-
accurate calculated SEY. This could explain the SEY plateau
upon increasing ablation depth observed by Bez et al.’*
Although, this is not important as the model offers crucial in-
sight into the electron response of technical surfaces and as-
sists with the design and optimisation of highly organised sur-
face structuring. Also, for implementing LESS, high aspect
ratios may not meet environmental constraints and inhibit sys-
tem performance.

It is possible to forecast the SEY of LESS using this model as
well as LESS covered in coatings. In order to do so, the sur-
face needs to be sufficiently characterised. The microgeom-
etry cross-sections and SEM images of the nanostructure are
mandatory for deriving and selecting the simulation geome-
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tries. Sufficient experimental data such as the post-processed
surface composition and corresponding SEY behaviour are
necessary in order to obtain realistic input parameters. As of
now, the proposed model has been applied to a variety of ma-
terials such as copper and amorphous carbon, it is appropriate
for any material provided its SEY and post-processing surface
properties are known.

Currently, Furman’s model has a possible limiting assumption
(equation 39 described by Furman et al.*>) where if a primary
electron induces the emission of multiple secondaries their en-
ergies have to be less than 50eV which experimentally may
not be true. Making it difficult to accurately fit some higher
SEY materials such as AR Copper. This assumption needs to
be addressed in order to realistically simulate high SEY mate-
rials.

Finally, modelling suggests that two key variables influence
the mechanisms responsible for SEY reduction; the damage
threshold and hatch distance. Since the higher above the dam-
age threshold one processes, the more material removed, a
greater increase in the modification of the surface composi-
tion and a resultant dense nanostructure deposited globally, if
combined with a hatch distance similar to the beam size**3°.
These variables are capable of manipulating each mecha-
nism’s role in SEY reduction of LESS. Though other variables
such as the beam size and scan speed can achieve a similar
effect. Which variable to manipulate will depend on the mate-
rial, application, and processing setup. For instance, in ‘some
insulators like alumina, geometrical features alone may not
always reduce the SEY. Therefore, selecting laser parameters
that globally modify the surface composition in tandem with a
suitable geometry can lead to effective SEE suppression. An=
other example, more relevant could be a situation where depth
is a constraint, thus limiting the aspect ratio of structures. In
this scenario, opting for a hatch distance slightly smaller than
the beam size with a relatively high multiple’above,the dam-
age threshold will permit effective SEY reduction dueito the
formation of nanostructure and the modified\surface /compo-
sition. However, for applications requiringMcturing to be
conducted in a tight timeframe, non-overlappingtrenches with
low aspect ratios can sometimes meet the'specifications. Since
the deposited nanostructure can'sometimesyindirectly modify
the surface chemistry assisting in'SEY reduction. Addition-
ally, depending on the application, and material, controlling
the ambient gas condition$ could assist with SEY reduction
and possibly improve thé post-processed material properties.

IV. CONCLUSION

The mechanisms responsible for secondary electron emis-
sion (SEE) and\secondary electron yield (SEY) reduction
upon lasér surface modification are revealed through simu-
lation and validated experimentally. The proposed model is
capable of .capturing the SEY-energy relationship as well as
accurately determining the maximum SEY of a given treated
copper. surface. By computationally reproducing surfaces
similar to laser engineered surface structures (LESS) and de-
riving input parameters from experimental data, realistic prob-
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abilities of SEE and associated energies were realised, facili-
tating LESS modelling. Contrary to the conventional theory,
high aspect ratio structures are not necessarily required for
effective SEY reduction. This can be achieved by selecting
suitable lasing parameters.
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Appendix A: Model Input Parameters

1.. 'Furman’s Model

The following parameters are used to fit the untreated sur-
faces’ SEY data. These values are obtained from theoretical
fits, extrapolating experimental data and measuring the SEY
and SEY-energy spectrum. For predictive results, accurate ex-
perimental data is critical.

Below defines the elastic, inelastic and true SEY-energy re-
lationship, these values are obtained by integrating the SEY-
energy spectrum. For example, if the measured energy spec-
trum for an incident electron is 40eV, one can integrate be-
tween 0 — 20eV to obtain the true SEY contribution, 20 —
(Ep — 5)eV for the inelastic SEY and finally (Ep —5) — (Eo +
5)eV for the elastic electrons. However if the incident elec-
tron energy is greater than 50eV, one can use the conventional
integral ranges.

Elastic secondary electrons: E,, is the energy at which P|,
(elastic SEY) peaks, W and p, determine the spectral rela-
tionship and P; ., defines the elastic SEY behaviour tending
towards infinity.

Inelastic secondary electrons: E,, is the energy at which the
inelastic SEY begins to incrase, Py , is the inelastic SEY tend-
ing towards infinity and r defines the spectral relationship.
True secondary electrons: Ej 4y, is the energy at which
5,5,7,,[,” (maximum SEY) occurs at and s determines the true
SEY behaviour after & max-

The remaining parameters o,, e1, €3, ¢, I'1, 2, t1, t2, 13, t4 are
used to define either the emitted energy spectrum or the angle-
dependent SEY relationship for each type of secondary elec-
trons (Eq. 47-48 in Furman’s model*’) and are chosen based
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on recent measurements of copper taken by CERN. The phe-
nomenological parameters, €, and p,, for the true secondaries
defining their energy spectrum, are taken from Furman’s cop-
per. The fits are obtained through these equations and Eq. 1,
where 6 = 0:

8.(E0,8) = P o+ (P, —Py) e (BB /W) /e (AY)

8,(Ep,8) =Py, [1 — e EomEr)] (A2)

s Ey / Ets,max
s—1+4 (EO /Ets,max)s

‘st (Eo; 9) = (Sts,max (A3)

Appendix B: Samples for Model Validation

Table III includes the information necessary to reproduce
the copper samples.

TABLE III. Sample parameters - all samples processed in a nitrogen
atmosphere to supress CuO formation. For D7, Himmerlich et al.2’
applies a coating which enables investigation of solely geometrical
effects on SEY. For DOE set, the displacement away from the focus
in mm is denoted in the spot size row.

Sample G1 G2 G3 D7
Wavelength (nm) 532 532 532 532
Spot Size (um) 52 52 52 52
Rep Rate (kHz) 200 200 200 200
Pulse Width (ps) 10 10 10 10
Power (W) 8 8 8 4
Hatch Distance 91 91 91 45
Pulses per Spot 2080 1040 346.667 . 693
IR1 IR2 DOE1 DOE2 DOE3
1030 1030 1030 1030 1030
53 53 81,0 76,*1.25 81,0
400 400 400 400 400
0.8 0.8 0.8 0.8 0.8
52 5.94 9.65 9.65 6.68
45 45 70 70 90
1060 707 1200 1200 1333
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