Chapter 6

Ion/Neutral Spectroscopies

6.1 Interactions of heavy particles with materials

Differences exists in the interaction of ions and electrons with matter. Ions are much heavier, have
bigger dimensions and they can have higher charges. Interakci projektilu a terce rozdeélit na dva
odlisné mechanismy

e Elektronické srazky, pii nichz jsou excitovany nebo emitovany elektrony z materialu.

e Jaderné srazky, napriklad elastické srazky atomt

e Jaderné reakce - pro skutecné vysoké energie
For analytical purposes, we are interested in “emitted particles*

e secondary electrons (secondary ion-electron emission),

e ions (ion scattering, ion-ion secondary emission),

e neutral particles (cathode sputtering),

e photons (characteristic x-rays and visible radiation - ionoluminescence).
Ktery proces nastane po dopadu atomu ¢ iontu na povrch zalezi na mnoha faktorech, jako je
energie dopadajici ¢astice (Ep), thel dopadu, tok dopadajicich ¢astic (v;), hmotnost a atomové
¢islo dopadajici ¢astice (M respektive Z7), hmotnost a atomové ¢islo atomii terce (M, respektive

Zs) a naboj dopadajicich ¢astic a ¢astic terée. VSechny procesy zpusobené dopadem atomu ¢i
iontu na pevny material jsou schematicky naznaceny na obrazku Fig. [6.1}

6.2 Kinematika dvojné srazky

V pripadé jadernych srazek jsou hmotnosti interagujicich ¢astic pomérné blizké. V pripadé
elastické srazky tak muze dochazet k velké ztraté kinetické energie dopadajici ¢éstice, velkému
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rozptylu dopadajici ¢astice a vzniku energetickych zpétné odrazenych atomi. E;; a Ej jsou dany
vztahy
E, = KE, (6.1)
E, = (1-K)E,
kde K je kineticky faktor dany pomérem hmotnosti M;/Ms; a thlem rozptylu v laboratorni

soustavé #. Pokud je hmotnost dopadajictho atomu vétsi, nez hmotnost zasazeného atomu,
M, /Ms > 1, je kineticky faktor dany vztahem:

r 1/272
cosf £+ (%2 — sin? (9) /
K = M ] (6.2)
My
Pokud M, /M, < 1 vyraz se zjednodusi na tvar
- 1/272
cos 6 + (%2 — sin? 9) /
K = Vo (6.3)
T
Energie pfedané zasazenému atomu lze vyjadiit zjednodusenim rovnice (6.2)) jako
4 M, M. 0.
2 sin? = E, (6.4)

27 (M, + M,)? 2

Yvorv

kde 6. je rozptylovy thel v tézistové soustave.
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Figure 6.1: Dusledky iontového bombardovéni.
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6.3 Ucinny prirez

Vystaveni materidlu proudu atomi, ¢i ionti vede k vzajemné interakci velkého mnozstvi ¢as-
tic. Proto je obvyklé popisovat tento déj pomoci pravdépodobnostnich veli¢in, zalozenych na
pravdépodobnosti rozptylu ¢astic. Uvazujme ¢astici mitici do bodu ve vzdalenosti b od stiedu jiné
céstice. Schéma odklonéni této ¢astice je na obrazku

d€) = sin #dfOd¢

——. L

trajektorie

rozptylové .~
centrum

Figure 6.2: Schéma rozptylu lehké ¢astice

Velic¢ina b je jeden ze srazkovych parametrii, tzv. zamérna vzdalenost. Tok c¢astic bude znacen
I. Castice vstupujici do srazky z diferencialni oblasti b db d¢; opoustéji s urc¢itou pravdépodobnosti
srazku skrze diferencidlni prostorovy thel 2 definovany pomoci rozptylového thlu 6#; a orientace
roviny srazky ¢; jako

dS) = sin 91d91d¢1 (65)

Konstantou umérnosti je diferencialni u¢inny prafez o(6;, ¢;):
Cbdbdp = o (6;, ¢;) T'dSQ. (6.6)

ProtoZe obé strany rovnice odpovidaji mnozstvi ¢astic rozptylenych za jednotku casu,
tedy vyrazu dN/dt, lze diferencidlni G¢inny priifez povaZovat za mnoZstvi ¢astic rozptylenych za
jednotku ¢asu a vstupniho tthlu do prostorového uhlu df2:

dN

dtI"d§2 (6.7)

o(b;, ¢;) =
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Diferencialni u¢inny prifez lze vyjadiit z rovnic (6.5)) a jako

b |dv
sin@i d«91

o(b;, ;) = . (6.8)

Velikost db/df je urcena interakéni silou, kterd vyvolava rozptyl. Absolutni hodnota je pouzita,
protoze 6 obvykle klesa se vzristajicim b a o(6ia¢;) jsou kladné veli¢iny.
Celkovy ucinny priifez o lze vypocitat integraci o pres cely prostor

oy = /90(917¢i)d9 = /027r /07r o (0:, ¢i)d0d¢. (6.9)

Veli¢iny o(6;, ¢1) a oy zavisi na velikosti vzajemné rychlosti ¢astic. V piipadé centralné pusobici
sily zavisi vzajemny interakéni potencial pouze na vzajemné vzdalenosti ¢astic r. Takovy potenciél
je izotropni, takze vysledny diferencialni u¢inny prufez nezavisi na ¢:

oy = 2m /(: o(6;)do. (6.10)

Napriklad Coulombova sila spliuje toto kritérium.

Uvazujme nepohybujici se ¢astice rozmisténé s hustotou ng. Pokud ke srazkam s dopadajicim
svazkem cCéstic dochazi pomérné ziidka, lze pocet castic, které projdou srézkou béhem priletu
oblasti dx lze vyjadrit jako

dn = —oyennyda. (6.11)

P1i studiu zastaveni ionttt v materialu byvéa uzitecné znat pravdépodobnost, ze projektil s en-
ergii F; o pfeda zasazenému atomu mnozstvi energie v rozmezi E; a Ey + dE;. Tato pravdépodob-
nostni funkce definuje t¢inny prifez pro prenos energie og(F;), ktery je ve vztahu s tcinnym
prutrezem o (6;, ¢;) jako

og(Ey)dE, = o(6;, ¢;)d0ide;. (6.12)

6.4 Dynamika elastické srazky

Aby bylo mozno urc¢it diferencialni u¢inny prifez z rovnice je nutné najit zéavislost mezi
parametrem rozptylu b a thlem rozptylu 6;. Zavislost lze stanovit i bez konkrétni znalosti presné
zévislosti interakéni sily ptisobici mezi ¢asticemi. Za predpoklady centralné pusobici sily F(r) =
F(r)f 1ze vyuzit potencialni energie U(r) diky vztahu

dU (r)
dr

F(r) = —VU(r) = - ¢, (6.13)

Uhel rozptylu 6; pak lze zapsat ve tvaru

1— — —

Gi(b, U) =1 —2 2 /1,1}2

- bl i W]_l/zdr (6.14)

Tmin T2
kde v je relativni rychlost ¢astic a rpy;, je nejmensi vzajemna vzdalenost, kterd je dana vztahem

2U(rmin)1 —1/2

o (6.15)

Tmin:bll—



6.4. DYNAMIKA ELASTICKE SRAZKY 5

6.4.1 Stinici potencial

Interakce dvou atomovych jader je dana coulombovskou potencidlni energii

. 1 ZiZtGQ
Cdmey T

Uc(r) . (6.16)

Vel viv s

Interakce dvou atomu je vsak slozitéjsi, nebot zahrnuje i vliv elektronového obalu a jeho zévislost
na vzdalenosti Existuji dveé uzitecné veli¢iny, které ohranic¢uji problém a to Bohrtav polomér ag

B Arreoh?

ag = (6.17)

mee? ’

a meziatomova vzdélenosti v krystalu rg. Bohriv polomér ag = 0.053 nm, oznacuje dosah elek-
tronové slupky atomu. Meziatomova vzdalenost, typicky ro = 0.25 nm, je vzdélenost mezi mezi
dvéma vazanymi atomy dana minimem potencialni energie krystalu. Naboj jadra je na vzdélenost
r > ro velmi dobfe odstinén elektrony z elektronového obalu. Jak se atomy k sobé priblizuji, zac-
nou se elektronové obaly prekryvat a mize dojit k pritahovani atomi a vzniku vazby. V extrémnim
pripadé r < aq se jadra stanou vzajemné nejblize polozenymi nabitymi ¢asticemi v systému. V
takovém pripadé jejich Coulombovské interakce dominuje a potencidlni energie je velmi dobie
popsana rovnici (6.16).

Ve stiedni vzdélenosti ag < r < rg, ma kladna interakéni energie, vedouci na odpudivou silu,
dvé slozky (i) elektrostaticka odpudiva interakce mezi dvéma jadry (ii) zvySeni energie na zakladée
Pauliho vylucovaciho principu.

Ackoliv pfesny popis meziatomové interakce zahrnuje komplikované efekty elektronového obalu,
predchozi diskuze ukazuje, Ze staci uvazovat rovnici upravenou vhodnou limitujici funkei.
Ve vysledku je stinény Coulombovsky potencial popisovan tvarem

1 ZiZtez

Ulr) = dreg T

x(r) (6.18)

kde x je stinici funkce. Za idealnich podminek by x(r) mélo jit k nule pro velké vzdélenosti a k
jednicce pro malé vzdalenosti.

V podstaté existuji dva zpusoby vyjadieni stinici funkce, (i) jednoduchy statisticky a (ii)
kvantové-mechanicky Hartee-Fockiiv atomovy model.

Thomas-Fermiho statisticky model stinici funkce

Statisticky Thomas-Fermi (TF) popis pfedpoklada, Ze se elektrony chovaji jako idealni plyn sloZeny
z Castic o energii E. Elektrony podléhaji Fermi-Diracové statistice a vyplhuji potencidlovou jamu
v okoli pozitivné nabitého jadra. Tento model evidentné nebere v potaz riizné elektronové hladiny.

Presné reseni TF modelu stinici funkce je obvykle ziskano numericky. Avsak pro mnoho aplikaci
je vyhodné mit k dispozici analytické feSeni, které priblizné odpovida TF rovnici. Nejstarsi a

v

nejznaméjsi je Sommerfeldiv asymptoticky vyraz:

X(x) = [1 + (xﬂ B (6.19)

a
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kde konstanty a, A a ¢ jsou voleny nasledujicim zptsobem: a = 1223 a ¢\ = 3. Normalizovana
meziatomova vzdalenost x = r/atr je nasledné modifikovana pomoci TF stinicim polomérem pro

srazky mezi atomy
1 /3m 3/2 Qo
=—(— 6.20
4T =5 < 4 ) Z3 (6.20)

€

kde Z.g je efektivni naboj pii interakci dvou rozdilnych atomu
Zog = (4% + 22, (6.21)

Sommerfield zjistil, Ze pro velké x jsou priblizné hodnoty A a ¢ A = 0.772 a ¢ = 3.886. Tim déava
kone¢ny tvar rovnice (6.22)) jako

0.7727 —3.886
’ } (6.22)

Dalsi ¢astou pouzivanou aproximaci stinici funkce je tvar odvozeny Molierem ve formé tii
exponencial:
x(x) = Tpexp(—qx) + 11pexp(—4qr) + 2p exp(20qz) (6.23)

kde p = 0.05 a ¢ = 0.3. Matematicky jednoduché analytické TeSeni stinici funkce lze vytvorit pri
vyuziti inverzni x = r/arr s exponentem pro ruzné rozsahy r/arg:

x(r) = i (CL;“F)1 (6.24)

kde s = 1,2dots a k, je numericka konstanta.

Univerzalni meziatomovy potencial - kvantové mechanické odvozeni

Stinici funkce odvozena za pouziti kvantové mechaniky vytvari tvar, ktery je obvykle nazyvan
jako univerzdlni meziatomouvy potencial. Diky préci Zieglera, Biersacka a Littmarka byla odvozena
stinici funkce ve tvaru:

xu = 0.1818 exp(—3.2x) + 0.5099 exp(—0.9423x) + 0.2802 exp(—0.4028z) + 0.02817 exp(—0.2016)

(6.25)
kde je redukovana dalka x déna jako
,
= — 6.26
= (6.26)
a ay, univerzalni stinici délka, je definovana jako
0.8854
au do (6.27)

- 7023 {7023

Aplikujeme-li meziatomovy potencial se stinici funkei Eq. (6.24)) na rozptylovy proces, ziskime
diferencialni i¢inny prufez pro rozptyl ve tvaru
Cn

op(E;) = Em gL (6.28)
i L
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kde m = 1/s v rovnici (6.24) a konstanta Cy, je dana jako

™ Z:Z:e2 "™ M, 2
C = =\,a° Sk A — 6.29
2 aTF (27T€OCLTF> M2 ’ ( )
kde A, je definovano
Az =1.309 Ao =0.327 A5 =0.5. (6.30)

6.5 Stopping power

Because Mmion ~ Mitarget, it leads to considerable energy loss due to elastic collisions. The energy
loss is defined like AE/Ax — dE/dx, where Az — 0. Often

dE
S:

= (6.31)

is called stopping power or specific energy loss. The stopping cross section can be defined
as:

1 dE 1 dE
N dz o
where N represent [atoms/m?| and p is the density |kg/m?|. Sometimes € also represents stopping
power.

Obecné lze celkovou ztratu energie projektilu pohybujiciho se v materiadlu ziskat jako soucet
atomového a elektronového prispévku:

€

S =S, +5S.. (6.33)

The relative importance of interactions between ions and matter depends on the ion speed,
their charge and the atoms of the target

o for v, < vy, where vy is the Bohr velocity of electrons in the atom. Ions will carry their
electrons which tend to be neutralized by electron capture. At these speeds, the elastic
collisions dominates and the losses are called nuclear energy losses.

e for higher velocities, the importance of nuclear energy losses decreases with a factor of 1/F
and the inelastic collisions with electrons because important. Above 200 keV/amu, the
contribution of nuclear energy losses is typically less than 1 % than electronic one. Between
0.1vg < Vion > le / %vo electron collisions are proportional with the velocity (E'/?).

e for v > vy the ion charge increases till it completely losses all electrons. The Bethe-Bloch
Formula for the electron energy is

Cfif = NZy(Z,e*)? f(E/M,), (6.34)

where Z; is the ion atomic number.
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6.5.1 Jaderné brzdéni

Pramérna ztrata energie ¢astice pri pohybu o vzdélenost x lze ziskat pomoci diferencialniho tcin-
ného priifezu pro pienos energie og. Ten je definovan z rovnice (6.12)) jako

E Et,max
(Z)=n / EiogE,, (6.35)

X Et,min

kde Eimin @ Et max jsou minimalni, respektive maximalni energie pfedané zasazenému atomu.
Aplikujeme-li diferencialni Gé¢inny prifez ze vtahu (6.28)), bude u¢inny prifez pro nuklearni
zastavovani dén

(6.36)

B CmEl—Qm[ AM; M, ]1’"
( 2l

F) =
Sn( ) 1—-m Mi+Mt

kde C), je definovano v rovnici (6.29)).

Uéinny prifez pro jaderné brzdéni roste pro nizké hodnoty energie a dosahuje maxima pro
jednotky keV pro lehké ionty a stovky keV pro tézké ionty. Lze ho spocitat pro iont s energii
na zakladé vztahu odvozeného Zieglerem a kolektivemjako

8.4627, 7,5, (E,)
(M; + M) + (2% + Z0%)

Sy = eVem? /10" atomi, (6.37)

kde E. je redukované energie vyjadiena jako

32.53ME

E. = 6.38
ZiZy (M + My) Z% + Z23) ( )

a Sy(E;) je redukované nuklearni brzdéni definované jako

In(1 + 1.1383E,)
Su(E,) = E, <30keV 6.39
(Be) = 5B 7 001321 E0276 4 .19503E05) D™ ¢ (6.39)
nebo W E

Su(E,) = ;E pro  E, > 30keV. (6.40)

Nad 200 keV /amu je ptispévek nuklearniho brzdény maly, typicky pod 1 % elektronového brzdéni.

6.5.2 Elektronové brzdéni

Mnozstvi srédzek s elektrony, které podstoupi iont pfi priletu pevnou latkou je obrovské. Zaroven
muze velmi ¢asto dochazet ke zméné naboje iontu. Je proto velice obtizné popsat vSechny mozné
interakce pro vSechny mozné stavy iontu. Misto toho se brzdéni obvykle vyjadiuje jako prumérné
ztrata energie pro ruzné stavy iontu. Timto pristupem lze teoreticky urcit vysledek s chybou

v

odpovidajici nekolika malo procentiim pfi energiich kolem stovky keV. Nejpresnéjsi je Betheho

formule: )
g 47 n2? [ €2 | (2meczﬁz
mec® B2

dreg 1 m) - B, (6.41)
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Vacuum Material

Figure 6.3: Calculation of total distance of ion.

kde v rychlost iontu, ¢ je rychlost svétla, 5 = v/c, ze je naboj iontu, m, je klidovd hmotnost
elektronu, n = NaZp/A je elektronova hustota terce a I excitacni potencial terce.
Pro nizsi energie pod priblizné 100 keV na nukleon, byva obtiznéjsi urcit brzdny acinek z teorie
Pro rychlosti iontu v rozsahu ~ 0.1vy to Zi2 / vo je ztrata energie diky elektrontim priblizné
amérna E'/2, jak odvodil Lindhard a kolektiv.Pii vysich rychlostech v; g > vy dochazi k postupné
ztraté elektrond z obalu iontu az je nakonec zcela ztrati. V takovém piipadé je ztrata energie
umérna druhé mocniné néboje iontu.

6.6 Penetration depth - Dolet iontt

Jeden z nejdilezitéjsich parametru jakékoliv interakce mezi ionty a pevnou latkou je rozlozeni
hloubky (vzdalenosti), ve které se ionty zastavi. Obvyklé rozlozeni v amorfni latce iontd majicich
stejnou energii je priblizné gaussovské. Muze proto byt obvykle charakterizovano projekci drahy
R, a sitkou rozptylu AR, kolem této stfedni hodnoty, jak je zobrazeno na obrazku .

The range R - the total distance that the ion (projectile) travels in coming to rest, is longer
than the penetration depth x. The projected range R, is defined as the total path length of
the projectile with energies 0.002 < € < 0.1 keV measured along the direction of incidence.

2/3
(Zf/?’ + 23/3) .

Rp = 01<M)M2 s (642)

AR,

where M, is the atomic mass of the target , Z is the atomic number while Cy () is experimentally
determined. for projectiles with energies 0.5 < e < 10 keV is

2/3
Z2/3 Z2/3 1/2
(( L +2) E| . (6.43)

Rp = Cl (IU‘)MQ ZlZQ
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Penetration depth of protons: Protons interactions are similar to electron ones, but some pecu-
liarities can be observed. Being 1836 times the mass of electron, has a higher angular momentum
and loses only a small portion of eat at each collision = penetration depth is greater than for
electrons. For 2.5 MeV proton, the penetration depth is around 55 pum for carbon and 28 pm for
silver; it decreases with the the proton energy and Z of the material.

Penetration depth depends on the number of protons in the ion, its energy and the target. For
low energies (several eVs) it is reflected from the target and part of its energy is transferred to the
surface atom, causing ejection of atoms, ions or clusters. It can also create cascade collisions.

Ion channelling is possible along crystallographic axes with small critical angles. In this case
the penetration depth is substantially increased.

6.7 Radiac¢ni poskozeni

Prilétajici ion s energii odpovidajici 100keV, se v pevné latce zastavi za ¢as Ffadové 10713 s diky
elektronovému a nuklearnimu brzdéni. Béhem své dréahy v pevné latce vykona dopadajici iont
mnoho srazek s atomy pevné latky. Kdyz se jedna o krystalickou latku, miize byt energie predana
pfi srazce dostateéna k vyrazeni atomu z jeho polohy v miizce.

Takto primarné vyraZeny atom mize nasledné vyrazet dalsi atomy (sekundarni, terciarni), ¢im?z
vytvori kaskady atomovych sréazek. Takovéto srazky vedou k vytvoreni prazdnych mist, uvéznéni
atomu mimo mfizku a dal$im typtm krystalovych poruch podél drahy dopadajiciho iontu. Tato
sekvence mnoha srazek je obvykle nazyvana srdzkovou kaskadou.

Teorie popisujici radia¢ni poskozeni v pevnych latkach je zaloZena na predpokladu, Ze atom
vyrazeny ze svého mista v krystalu bud iontem, nebo jinym odsko¢enym atomem musi béhem
srazky ziskat ur¢itou minimalni energii. Disloka¢ni energie Fyq je energie kterou musi atom ziskat,
aby byl vyraZzen z miizky.

Termadlni ohrev: Béhem srazkové kaskddy postupné nastane situace, kdy vyrazené atomy
vyssich radua jiz nebudou mit dostatek energie, aby vyrazily dalsi atomy z jejich poloh v mfiZce.
Dalsi srazky s atomy pevné latky tak pouze zptisobi rozvibrovani zasazenych atomu s velkou am-
plitudou vychylky. Tyto vibrace se postupné prenasi na dal$i atomy a energie je rozlozena do
vibrace mfizky, tedy tepla.

Po piiblizné 107125 je dosaZen stav termodynamické rovnovéahy, kdy se rozdéleni vibrac¢nich
energie za¢ne blizit Maxwell-Boltzmanove rozdéleni. Tato faze srazkové kaskady se nazyva termalni
ohfev a muze trvat i nékolik pikosekund, nez dojde k poklesu na ptuvodni teplotu.

Rozprasovdni: Vytéznost Y popisuje, kolik atomi je vyrazeno béhem rozprasovaci udélosti.
Celkova vytéznost je pak definovana jako prumérny pocet rozprasenych atomu piipadajici na jeden
dopadajici atom.

Celkové chovani atomu terce po dopadu ¢astice lze rozdélit do péti rozdilnych skupin podle
Ey, Zya M;, Z; a M. V linearni kaskadni teorii predava pocatecni iont energii atomim v mfizce,
které jsou v klidu. Produkuje tak velké mnozstvi rychlych atomi, které nasledné produkuji dalsi
pomalejsi atomy. Vznika tak izotropickd kaskdda. Piiblizné za 1-5x10' s po dopadu iontu jiZ
energie na hranici kaskddy klesne pod limitni energii nutnou k vyraZzeni dalsiho atomu (pfiblizné
10eV). Kaskada tak zanikne rozptylenim energie do vibraci mfizky. PouZijeme-li tuto teorii, lze
vytéznost spocitat pomoci analytického vztahu.



6.8. SECONDARY ION-ELECTRON EMISSION 11

Rozprasena castice
(lon nebo neutral)

Vakuum
Pevnad — - = e A

latka

Penetracni hloubka
primarniho iontu, R,

Y

Zachyceny ion

Figure 6.4: RozpraSovani

Y(Eiaei> = }(j:

Su(Ei/ Ey) [(6:), (6.44)

kde Uy je velikost potencidlového valu na povrchu (v eV), Kj; a Ey jsou Skdlovaci konstanty zavislé
na chemickém slozeni terce a dopadajicim iontu, S,(E;/E;y) je redukovany uéinny prufez pro
jaderné brzdéni, (¢ = E;/Ey je redukovana energie) a f(6;) je funkce popisujici sklon, pod nimz
doslo k narazu.

6.8 Secondary ion-electron emission

According to the adiabatic principle, heavy ions are not efficient for transferring energy to light
electrons to provide ionization. This general statement can be referred to the direct electron
emission from solid surfaces induced by ion impact.
The secondary electron emission coefficient «y (electron yield per ion) becomes relatively high only
at very high ion energies exceeding 1 keV, when the Massey parameter becomes low. Although
the secondary electron emission coefficient v is low at lower ion energies, it is not negligible and
remains almost constant at ion energies below the kilovolt range.
le
y=— (6.45)

i
Total v coefficient is the sum of
Y =% + o (6.46)

where v, is the potential emission and ~ for the kinetic one. The Penning mechanism of sec-
ondary ion-electron emission, also called the potential mechanism defines the ion approaching
the surface which extracts an electron from there because the ionization potential ® exceeds the
work function ¢. The defect of energy ® — ¢ is usually large enough (® — ¢ > ¢) to enable the
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escape of more than one electron from the surface. Such a process is non-adiabatic and its proba-
bility is not negligible. The secondary ion-electron emission coefficient v can be estimated
using the empirical formula:

D > 2¢, (6.47)

= potential emissions are observed especially when bombing the surface with ions of inert gases
that have high ®. ~, is higher for higher ion charge.

Ion-neutralization spectroscopy (INS) is an emission electron spectroscopy. In INS the
externally applied agent is a slowly moving positive ion, such as He', presented to the solid
surface. Near the surface a non radiative, Auger type electronic transition process occurs which
simultaneously neutralizes the ion to the ground state of the parent atom and excites a second
electron, which may be ejected into vacuum. The kinetic-energy distribution of these ejected
electrons contains spectroscopic information concerning the electronic structure in the surface
region of the solid.

e When the incoming ions is just outside the metal surface, two electrons in the filled valence
band of the metal interact, exchanging energy and momentum.

e One electron, the neutralizing electron, tunnels through the potential barrier into the po-
tential well presented by the ion, and drops to the vacant atomic ground level.

e The energy released in this transition is taken up by the second interacting election which
now may have sufficient energy to escape from the metal

e These Auger type transition can take place anywhere within the filled valence band so that
the ejected electrons have a range of energies rather than one specific energy. Outside the
metal surface the electron energy distribution can be measured quite straightforwardly.

6.9 Ion sources

In case of surface and thin films analysis can ion sources can be used. Suitable sources provide
proper ion beams for surface cleaning and for surface layer sputtering in order obtain a depth
profile (such as XPS or AES), primary beam for static and dynamic SIMS. Another sources are
represented by the particles accelerators used for energetic ion analysis (such as RBS, PIXE, NRA,

ERDA etc.)
The ionization methods can be classified according to:

e electron impact

fast atom bombardment

electro-spray ionization

gas discharge ion sources

solid state surface atom ionisation sources

high electric field desorption
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Ton beam focus:
e wide ion beam sources

e narrow focused ion beam sources

6.9.1 Electron impact ionisation sources

The principle of ionization source is similar as a ionisation gauge. The only modification include
a geometry of gauge and ion collector must be replaced by the system which is able to extract
the produced ions. Ionisation space is inside the cylinder - screened by anode with the ion trap
at the end. Electrons are accelerated from a thermionic emission cathode by high voltage (100 -
500 V). The electrons travel through the ionisation space and ionize gas molecules around them.
The resulting ions are collected at a negative trap electrode - thus resulting in an ion beam. The
operating pressure is lower 0.01 Pa and the source provides high focused ion beam with beam
current to 10 pA. Due to its properties it is possible another manipulation in ion optics.

Another source modification - double anode source. Two parallel bars - anodes - are placed
along the cylindrical cathode (voltage up to 10 kV). Electrostatic field with a saddle point is form
on anode axis. Electrons oscillate around this point and they are effectively ionise the gas. The
produced ions are accelerated along the plane symmetry to cathode with the outlet. Operation
pressure is tenths of Pa, ion current is tens of pA. Electrons are ejected in the form of diverging
beam with wide energy distribution — they are inappropriate to another manipulation in ion
optics. It causes a high chromaticism. In consequence, it is use to surface sputtering.

6.9.2 Plasma sources

Plasma sources generate plasma - excitation of the gas requires ionization of neutral atoms and
molecules. High intensity electric field extracts ions from the plasma surface (negative charged
electrode). The dependency of extracts ion current I and electrode surface voltage U, on the
thickness d is described by Child-Langmuir law

I~ U2/ (6.48)

Two types of plasma sources are most often use to surface and thin films analyses. In van
der Graff accelerators, high frequency discharge are the ion sources generally use to analysis with
ion energy in order MeV. The duoplasmatron is a type of ion source compresses the plasma by
a magnetic field in front of the extraction system. The plasma is so dense that matching to the
extraction field strength requires an expansion cup to lower the current density. Most often is
used as a source of Ar and O ions.

High frequency ion source

Ions can be created in an inductively or capacitively coupled plasma. The electric field has a
frequency in order tenth of MHz, the power is tenth to hundreds of W, the pressure is units of Pa,

current is from tenth of uA to tenth of mA. The ionization efficiency can be enhanced by magnetic
field.
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Two types of inductively coupled RF structures are most common. In one type, the induction coil
is placed outside a glass or quartz cylindrical tube in which the plasma is generated. The other
type has a metallic discharge chamber with an RF antenna inside the discharge plasma.
Although capacitively coupled RF sources are widely used in plasma etching processes, they are
seldom employed for the production of ion beams. Capacitively coupled discharges form a very
high positive plasma potential. As a result, material is sputtered from the chamber wall to form
impurity ions in the extracted beam.

Duoplasmatron

The duoplasmatron operates as follows: a cathode filament emits electrons into a vacuum chamber,
then the gas is introduced in very small quantities into the chamber, where it becomes charged
or ionized through interactions with the free electrons from the cathode, forming a plasma. The
plasma is then accelerated through a series of at least two highly charged grids, and becomes
an ion beam, moving at fairly high speed from the aperture of the device. Duoplasmatrons are
characterized by high efficiency - usually above 90 %.

The duoplasmatron components are:

e cathode (K)- generally the heated cathode (thermionic emission), sometimes (for oxygen
ions) is use the hollow cold cathode

e intermediate electrode (IE),
e anode (A).

The intermediate electrode and anodes are ferromagnetic and create the part of magnetic circuit.
Demirkhanov installed a ferromagnetic anticathode electrode to ensure oscillation of electrons in
the anode region of the duoplasmatron. The anticathode was located behind a copper anode and
had a potential close to the cathode potential. Electrons oscillating in the magnetic field (1500
G) efficiently ionize the gas at a low pressure of ~5-10 % Torr. When the anticathode negative
bias relative to the anode was increased from 0 to 100 V, the ion current increased by a factor of
five. The source, which had an outlet aperture 6 mm in diameter and an expansion cup 50 mm in
diameter, provided a pulsed hydrogen ion current of up to 1.5 A at a discharge current of 20 A.
Duoplasmotrons can have different ion sources:

e Penning-type electrode system (PIG) to maintain a high current discharge by electrons
supplied through a double electric layer from a plasma cathode, has been embodied most
completely in the DuoPIGatron type ion source. The magnetic field diverges toward the
ion optics, ensuring oscillation of primary electrons between the intermediate and screen
electrodes and formation of a large, uniform plasma surface. To increase the cathode lifetime,
an inert gas (argon) is fed into the cathode stage and oxygen into the anode stage of the
source. An ion optics system with 13 holes of diameter 5 mm provided an ion beam current
up to 170 mA at an accelerating voltage of up to 50 kV. After mass separation of the beam
and acceleration of ions to energy of 200 keV, a beam of O" ions with current 100 mA was
obtained. The filament cathode lifetime is over 25 hours.
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Figure 6.5: Duoplasmatron scheme.

e periplasmatron-type ion source has a unique electrode system design, which decreases heat-
ing of the screen electrode by thermal radiation of the cathode, reduces the effect of secondary
electron back flow from the accelerating gap, and ensures a high uniformity of plasma flow
to the screen grid. A rectangular variant of this source provided a hydrogen ion current of
96 A from an extractor 40 x 16 cm in size.

e magnetic-field-free source for use in neutral beam injectors has been developed in which
the plasma is generated by a diffuse low-pressure high-current discharge, with a distributed
thermionically emitting cathode. Twenty hairpin filaments, 0.5 mm in diameter, are installed
around the periphery of the discharge chamber, 14 cm in diameter, near the cylindrical wall,
which serves as the anode. The peripheral placement of the cathode provides generation of
uniform (+ 6 % ), oscillation-free plasma of 12 cm diameter. For a discharge current of 1000
A the deuterium ion beam current density is 0.5 A cm 2 and the beam current 15 A at an
extraction voltage of 15 kV.

6.9.3 Surface ionization sources

Surface ionization sources are commonly used for producing a Cs' ion beam. The surface ion-
ization source emits ions from a hot plate. This configuration is ideal for designing beam optics
with minimum aberration because the emitting surface is a solid boundary. In fact, the surface
ionization source can be designed to produce a beam with very large aperture (and therefore high
current per beam) because of the rigid emitting surface. The ion temperature from a surface
ionization source is typically low, of the order of a fraction of an eV; therefore the beam emittance
is kept low, even when the source diameter is large. The two main types of surface ionization
sources are contact ionizers and aluminosilicate sources.

The ration of density of emitted positive ions flux j,. to density of emitted atoms flux j, is
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defined o
jilde = Tre i, (6.49)
g

a

where g, a g, are statistical weight of ionized and atomic state of adsorbed atom, V; is ionization
energy of adsorbed atom, ¢ represents work function of solid, 7" is the temperature of solid and &
is Boltzmann constant.

6.9.4 Field ionization

Field emission from sharp needle points at which very intense electric fields are created can be
used to extract either electrons or ions from the solid (or liquid) state:

e liquid metal ion sources (LMIS) - is used in liquid metal ion sources to produce beams of
species of low melting point metals such as Ga, In, Bi, Al, Sn, ... with extraordinarily high
brightness

e gas field ion source (GFIS)

In both types the electric field with intensity 10 V/nm is use.

6.10 Ion scattering spectroscopy - ISS

Sometimes called Low Energy lon Scattering Spectroscopy (LEIS) is a surface sensitive analytical
technique used to characterize the chemical and structural properties of materials. The range of
ion energies is from hundreds of eV to units keV. When a beam of ions hits a solid surface part
of the projectiles will be scattered back into the vacuum after one or more collisions with target
atoms of the layer. Measurement of the energy of the backscattered particles is use to identify
chemical structure of solid. primary ion energies of 0.5 — 5 keV are used with noble gas ions (He,
Ne, Ar) and also alkali ions (Li, Na, K). With this method, information is obtained from the
topmost atomic layer, under certain circumstances also from the second or third layer.

6.10.1 Qualitative analysis

From the applied conservation and momentum laws in the case of two-body collisions it is possible
to calculate the ion kinetic energy after a collision with a surface atom without knowing the
interaction potential.

If the incident ion has energy Ej, the mass M; and the surface atom M, we obtain the energy
and mass conservation relation for the backscatter energy Fi:

By [cosO+ [(Mp/M,)? —sin®6]'/*]"
EO B MQ/Ml + 1 ’

(6.50)

When this relation is derived, the kinetic energy of atom should be neglected
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Figure 6.6: Comparison of RBS and ISS techniques.

For 90° and 180°: backscattering angles the relation is simplified:
E1 M2 — M1

—_— = _— f — © . 1
B, M, T or =90 (6.51)
Ey (My — My)?

_= = = -/ f 0 = 180° .52
E, GYAESTAL or 80 (6.52)

The ration K = FEj/Ey is named kinematic factor. The above relations show that the energy
of ion after collision is given by the projectile and the target atom weight and the backscattered
angle (for constant Fy) = determination of target atom mass M,. The corresponding expression

for the recoiling target atom is:

Es 4A 9

— = ————cos"0 6.53

By  (1+A2 (6.53)
Scattered-ion energy spectra are transformed into mass spectra by the backscattered relation for
0 = 180°. Consequently, the mass resolution also can be calculated from this equation for the
special case of 6 = 90° :

My, E 2A
AM, AEA2-1
Assuming a constant relative energy resolution of the detector of E/AE = 100 the mass resolution

is better for large scattering angles and about equal ion and target atom masses. So the primary
projectile mass has to be selected accordingly if mass resolution is important.

(6.54)
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6.11 Rutherford backscattering spectroscopy - RBS

In Rutherford Backscattering Spectroscopy (RBS) the primary ion energy ranges from about 100
keV (for H*) to several MeV (for He™ and heavier ions). The ion-target atom interaction can
be described using the Coulomb potential from which the Rutherford scattering cross-section is
derived,which allows absolute quantification of the results. Information in principle arises from a
thickness of the order of 100nm (107> cm), but analysis of surface layers is also possible by using
channelling /blocking techniques. Scattering of H™ with energies around 100 keV is sometimes
referred to as MEIS (Medium Energy lon Scattering), probably because it only needs a smaller
type of accelerator, but physically it is within the RBS regime.

The physical principles are the same for both techniques (ISS and RBS): an ion beam is directed
onto a solid surface, a part of the primary projectiles is backscattered from the sample and
the energy distribution of these ions is measured. Since the ion-target atom interaction can be
described by two-body collisions, the energy spectra can be easily converted intomass spectra. The
difference between ISS and RBS arises from the difference in the cross-sections and the influence of
electronic excitations and charge exchange processes, which result indifferent information depths.
In both cases, structural information is obtained from crystalline samples by varying the angles
between beam and sample. Deduction of structural information from the data is straightforward,
since both techniques are "real space" methods which are based on fairly simple concepts. With
ion scattering only the individual atoms of an element can be detected and no information on
compounds or molecules can be gained.

In terms of analytical characteristics, is important the variable cross section for elastic scatter-
ing, which integrates a number of dispersed particles with the number of atoms in the substance
to be examined. Differential scattering cross section at the angle # in the laboratory system is
then:

(6.55)

dog AV AN {(MQQ — M2sin? §)Y/2 + M, cos 8}2
) _< 2Ey ) My sin* (M3 — M?sin?0)1/2

where Z; and Z, are the atomic numbers of the ion and the target.

Analysis using heavier particles and lower energies can play a significant role in electron screen-
ing. In such cases the first correct approximation of the cross section is multiply by the correction
factor F' in the form:

o0 0,049, 23"

; 6.56
OR Ecwm (6.56)

where Ecyy is the energy of particles expressed in keV. In a conventional design RBS the correction
is below 5 %. Significant deviation of the cross section appear when the energy of the particles is
increased , or particles with lower atomic number are used. The effect of nuclear forces appears
when the scattered are scattered at large angles and energies Ey > Eepitical

Eeitical = 1032, Zo My 2. (6.57)

For example, nuclear effects occur when the a particles (Z; = 2, M; = 4)on Si atoms (Zy = 14,
M, = 28) sat energiesFy,i > 9 MeV are scattered.
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6.11.1 Elemental composition determination

The basic relationship is

do
Y =0N —d) 6.58
@ Aw dQ) ( )

where Y is the number of the dispersed particles registered, () is the number of incident particles,
N is the area density in the layer (atoms/cm?) and Aw is the interval of the solid angle from which
is detected the scattered particle. The equation can be applied in a layer containing multi-elements
or a thin layer on a stronger substrate.

6.11.2 Energy loss

Only a small fraction of the primary ions come close enough to a target nucleus (impact parameters
of the order of 10712 cm) to undergo an elastic nuclear collision which is described by the kinematics
given in the previous section. If such an ion is backscattered, its final energy is determined by the
elastic nuclear collision in a certain depth of the sample and the additional inelastic energy loss
to electrons on its way in and out of the target.

The relation for energy loss per unit length, — — dE/dz given in eV/Aand commonly called
stopping power:

_ oz -1
S = T (keV.em ™), (6.59)

The stopping cross section € (eV/(atoms/cm?)) relates this quantity to the atomic density N and
is therefore more specific for a

1
€= NS (keV.cm?), (6.60)

The stopping power curve exhibits a broad maximum around 1 MeV and that is the operational
regime of RBS: here, the stopping power does not depend very much on the ion energy and hence
can be assumed to be constant as a sufficient approximation in many cases; the stopping power
there has its maximum value and therefore RBS its best depth resolution and in this energy range
the nuclear interaction is exactly given by the Coulomb potential, giving RBS the advantage of
an absolute analytical method. Stopping cross section for a particle with energy E and a mixture
of A,,B,, elements is

eAmBr — med(E) + ne® (E), (6.61)

where e(E) ans ¢?(F) are the stopping cross sections for the elements A and B.

6.12 Detection of ejected atoms - ERDA

Detection of light elements by RBS is difficult due to the low effective elastic scattering cross-
sections and often because the signal lies on a high background originated by scattering on heavier
elements. Therefore, the method used is ERDA (Elastic recoil detection analysis).

In this method, atoms or ions are detected which are removed from the surface by one single
collision with an incoming projectile. They can therefore be identified by their kinetic energy.
Directly recoiling particles are therefore different from those secondary particles that originate
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from a collision cascade in a sputtering process and have a broad energy distribution around one
to two eV. They are used in secondary ion or neutral mass spectroscopy.Recoil cross-sections are
generally of the same order as scattering cross-sections. They are largest towards #5 = 90°, but
then the recoil energy approaches zero. A useful energy range is obtained between 30° and 60°.
ERDA is also often done using a relatively low energy (2 MeV) He beam specifically to depth
profile hydrogen. In this technique multiple detectors are used, at backscattering angles to detect
heavier elements by RBS and a forward (recoil) detector to simultaneously detect the recoiled
hydrogen (the cross-section for which reaction is strongly non-Rutherford at these energies). The
recoil detector has to have a range foil: a thin film (typically 6 micrometres of PET film) to
preferentially stop the incident He beam scattered into the forward direction.

6.13 Secondary ion mass spectrometry - SIMS

Secondary Ton Mass Spectrometry (SIMS) is a relatively new technique for surface chemical anal-
ysis compared with Auger enectron spectroscopy (AES) and X - ray photoelectron spectroscopy
(XPS). SIMS examines the mass of ions escaped from a solid surface to obtain information on

surface chemistry.
Primary ion %
peed— 1 |} |
IR
Mass spectrum

Sample

Figure 6.7: SIMS instumentation.

SIMS uses energized primary particles, usually ions such as Ar*, Ga' and Cs™, to bombard
a solid surface in order to induce sputtering of secondary particles from an area. The interactions
between primary ions and the solid are rather complicated. First, the secondary particles include
electrons, neutral species of atoms or molecules, and ions. The majority of the secondary particles
are neutral and not useful in SIMS. Only the secondary ions generated by the bombarding process
carry chemical information. Second, the interactions are often more than a simply one-to-one
knock-out of a surface ion by a primary ion. Commonly, the primary ions induce a series of
collisions (collision cascade) in a solid because the energy of a primary ion is transferred by
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collisions between atoms in a solid before secondary ions on the surface are emitted.

The ionization probability is strongly affected by the electronic properties of the sample matrix.
Ionization directly affects the signal intensity of secondary ions as shown in the basic equation of
secondary ion yield.

JE = J,cYFf, (6.62)

where J, is the primary ion flux, Y is the sputter yield, ¢ is concentration of species m in the
surface layer, % represents the probability for positive ions and f is the transmission of the
detection system. The transmission is defined as the ratio of the ions detected to ions emitted,
and it varies from 0 to 1 depending on the analyser. The yield of elemental secondary ions can
vary by several orders of magnitude across the periodic table.

Secondary Primary
particles particle

%

Figure 6.8: Secondary particle generation by an energetic primary particle.

Surface
region

6.13.1 Ion sputtering

Emission of secondary particles can result from collision sputtering or from other processes such
as thermal sputtering. Collision sputtering includes direct collision sputtering and slow collision
sputtering. The former can be considered as a direct impact between a primary ion and a surface
atom. Direct collision sputtering is extremely fast, and occurs in the range of 107'° to 10~
seconds after the primary ion strikes a surface. Slow collision sputtering, represents the case that
a primary ion never has chance to collide with a surface atom; instead, atoms in the solid transfer
the impact energy to surface atoms after a series of collisions. The time scale of slow collision
sputtering is in the range of 107'* to 1072 seconds.

Only a small portion of secondary particles (~ 1% of total secondary particles) are ionized and
become the secondary ions that are analysed in SIMS. A sputtered particle faces competition
between ionization and neutralization processes when it escapes a sample surface. Ionization
probability represents the chance of a sputtered particle being an ion.
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6.13.2 lon sources

The commonly used primary ions include argon (Ar™), xenon (Xe™), oxygen (O*T), gallium (Ga™)
and caesium (C's™) ions. Heavier metal ions such as bismuth (Bi™) are also available in modern
static SIMS instruments. The ions of elements normally occurring in gaseous phases, such as
oxygen and argon, are produced by electron bombardment sources or plasma ion sources. Electron
bombardment sources use a circular filament cathode surrounding a cylindrical grid anode. The
gas to be ionized is injected into the open space of the grid, and the gas molecules are bombarded
by the electrons emitted from the cathode. The electrons travel in orbit inside the grid in order to
increase their chances of striking gas molecules. An extraction field inducted in the grid will draw
the gas ion beam through an opening in the center of the extractor. The electron bombardment
sources provide moderate brightness of primary ions (~ 10° Am~2 per solid angle).

6.13.3 Mass analysis system

The mass analysis system collects and analyses the ion masses to produce mass spectra with the
assistance of a computer. The extractor filter extracts secondary ions from the surface, selects a
mass range of ions to analyse, and eliminates scattered primary ions from a mass spectrum. The
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Figure 6.9: The sputtering proces: (a) direct collision sputtering;(b) collision cascade; and (c)
thermal sputtering.
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mass analyser, the critical component for secondary ion mass analysis, can be one of the following
types:

e magnetic sector analyser,
e quadrupole analyser,
e time-of-flight analyser.

Magnetic sector analyser
This analyser was the oldest type used for mass spectroscopy. Secondary ions are accelerated by an
extraction potential of 4 kV before entering a magnetic field. The magnetic field in the magnetic
sector will impose a field force in a direction orthogonal to the direction in which the ions travel.
The ions with a given kinetic energy will change their travel path to a circular trajectory. The
radius of path curvature R has the following relationship with the ion mass.

where the extraction potential (V') is constant. We can adjust the magnetic field strength B, to
select ions with a certain mass-to-charge ratio (m/z) with a fixed radius of magnetic sector R.

Quadrupole mass analyser
The quadrupole mass analyser selects ions with a certain mz~! by generating unstable oscillation
travels for the non-selected ions. Oscillations of ion trajectories are created by an electric field
combining a constant direct current (DC) and alternating current with a radio frequency (RF).
The secondary ions are accelerated by an extraction field, and then the ions travel through the
center of four circular rod electrodes. Combined DC and RF voltages are applied to one pair
of rods and equal but opposite combined voltages are applied to another pair of rods. Such
an arrangement of electric fields generates ion oscillation. The oscillation can be so severe
that ion trajectories become unstable and ions strike the rods. Ions with unstable trajectories
cannot travel through the exit slit of the analyser to reach the mass detector. Only the ions
with a certain mz~—! have stable trajectories and can pass through the exit slit under a given
ratio of DC:AC voltages. The analyser is a sequential type that only allows the ions with
single mz~! values to reach the detector. Thus, the quadrupole analyser is a device with low
transmission, as less than 1% of ions can reach the detector at any time. To obtain a whole
mz~! spectrum, the analyser increases the voltages but keeps the ratio of DC:AC voltages constant.

Time-of-Flight analyzer
The time-of-flight (ToF) analyser is the most widely used analyser in static SIMS. As its name
indicates, for this analyser the flight time of an ion is the parameter for measurement. When ions
are obtained with a constant kinetic energy from an acceleration potential (V') of 3 — 8 kV, the
flight time of ions through a distance (L) of flight tube to reach a detector is calculated.

t = L(2V)~V/2 (7:)1/2 (6.64)
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Thus, the mz~! of ions is analysed by measuring their flight time in the analyser. Heavier ions
will have longer flight times in the tube. To measure the time of flight, precisely pulsed primary
ions should be used. The pulse is controlled by a highly accurate clock. The pulse periods are
typically in the order of 10 ns. The flight time of ions to the detector is electronically measured
and converted to mz~!. In a pulse period, all the ions can be measured and a whole mass spectrum
can be obtained almost simultaneously. Again, the initial kinetic energy of secondary ions will
affect the resolution of mass analysis, because the velocity could be different when ions with the
same mz~! enter the flight tube.
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