Surface and Interface Science
Physics 627, Chemistry 541

Lectures 5
Sept 16 2010

Surface Chemical Characterization:
X-ray Photoelectron Spectroscopy
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Electrons absorb X-ray photon and are ejected from atom
Energy balance: Photon Energy — Kinetic Energy = Binding Energy
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Photoelectron Spectroscopy
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Al window

ALK, ho = 1486.6 eV
X-ray Source Mg K,: hv=1253.6 eV
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Instrumentation:
How are measurements made?

Essential components:

. Spherical

H - Sector

| 7 SR\ 1
.

Sample: usually 1 cm?
X-ray source: Al: 1486.6 eV; ——
Mg 1256.6 eV e A :
Electron Energy Analyzer: - = .-"Th.ig, sﬂj:lge
100 mm radius concentric -

hemispherical analyzer; vary /éé, =5 P
KA
/4

voltages to vary pass energy.
Detector: electron multiplier

(channeltron) Electronho?Z
Electronics, Computer Gun \

Note: All in ultrahigh vacuum r'\
(<108 Torr) (<10 atm) =t
State-of-the-art small spot Sample

ESCA: 10 um spot size.



Typical XPS spectrum
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X-ray and Spectroscopic Notation

Principal quantum number: Table 3.1 X-ray and spectroscopic notation
) n=1,23, .. Quantum numbers
Orbital quantum number: Spectroscopic
1=0,1,2, ..., (n-1) n ! j X-ray suffix X-ray level level
Spin guantum number: 1 0 ; 1 K 15,5
S=+4/-1 g E" } L L, 25y,
Total angular momentum: A : ij gim
- ir2
j=1+s=1,3/2,5/2 3 0 1 M, £
3 1 2 M, 3P\
3 1 3 M, 3Py
3 2 4 M, 3dy
3 p) 5 M, 3ds,
Spin-orbit split doublets cte. etc. etc. etc.
Table 3.5 Spin-orbit splitting parameters Peak width:
Subshell j values Area ratic  AE measured as FWHM; if assume Gaussian:
— 2 2 2 1/2
5 — AE = (AE natural + AE photons + AE analyzer)

Lifetime width: /'=#4/t forI'~1eV,t~101s
7
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Peak Identification: Core level Binding Energies

XPS Photoelectron Binding Energies* versus Atomic Number

Where the same BE is quoted for different spin-orbit split subshells, the mdividual subshells are either not
resolved or have a complex structure. Spin-orbit coupling: 2p1=2p1s2, 2p3=2paz ete.
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No. of elections

Measuring Spectra: Typical spectral features

As sample and analyzer are in electrical contact,
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Measuring Spectra: Typical spectral features

Associate binding energies with orbital energies, BUT USE CAUTION!!!,
Energy conservation: E(N) + hv = E{(N-1) + KE

= hov - KE = E{(N-1, k) — E(N) = Eg
Binding energy is more properly associated with ionization energy.

In HF approach, Koopmans’ Theorem: E; = &, (orbital energy of k™" level)
Formally correct within HF. Wrong when correlation effects are included.

ALSO: Photoexcitation is rapid event Adiabatic
—> sudden approximation peak
-€, £ lky
Gives rise to shake-up, I
AE, shake-off, etc...

A
‘—'_A_ AE, l-i Shake-up —-4

-===— Shake-off

= Z
L"‘“""‘_ Total Area

&0, (frozen -orbital)

e Binding Energy 10
Kinetic Energy —————»



Measuring Spectra: Qualitative results

A: ldentify Element craaaf

B: Chemical shifts of core levels: s
Consider core levels of the same element in ]
different chemical states:

AEg = Eg(2) — Eg(1) = Ex(2) — Ex(1)

Often correct to associate AEg with change in
local electrostatic potential due to change in
electron density associated with chemical bonding
(“initial state effects”). Caution: Not always the
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Measuring Spectra: Qualitative results

Estimate chemical shift:

If charge q is added to
(or removed from) valence shell,
then potential inside changed by:

AE = glr
Where 4E = E, — E°,
Here E° =reference level; E; = binding energy of core level

Plug in typical numbers: 4E ~5 - 10 eV.

Extra-giomic energy change e V)

g Relaxation shift 1

] Chemical shift C{YIHLIG.( 15&?.15-3 e[&é)
BUT USE CAUTION!!!

- . o Fig. 3.__14, Calculated exira-atomi relazation shifts and chemical shifis for Q,
Na,3iand Cl adsorbed on jellium - an ideal smooth free clectron surface having
an electron densitly appropriate 1o Al Metatl-adalom separations were
~132A,085A and 080 A for Na, Si and Cl while O was placed inside the

melal (after Willhams & Lang, 1977y
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Measuring Spectra: Qualitative results
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Measuring Spectra: Quantitative analysis

Estimate chemical concentration, chemical state, spatial distribution of

surface species

Often assumed that sample
IS In single phase. May be very
far from truth.

Current state-of-the-art small-spot
XPS systems have spatial resolution
in the nm range. Specializing in
spectromicroscopy, but at the sacrifice
of versatility.

More standard modern systems can
operate in the um range.
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RELATION BETWEEN SURFACE STRUCTURE
AND SURFACE COMPOSITION

S S/ PLaNe, HomogENEous

U ]
BEOD
HOoO0O0
o a g0
oo HQ
EOOO

o 0Qc o O 00

e

INHOMOGENEOUS IN
FLAME OF SURFACE

INHOMOGENEOUS
NORMAL TO SURFACE

FOREIGN ATOMS ON
HOMOGEMEQUS SUBSTRATE

IMTERFACE BETWEEN TWO
HOMOGENEOUS MATERIALS

FiG. 1. Idealized surface strugtures: {a) plane homogeneous surface; (b} a
surface with lateral inhomogeneities consisting of several different surface
phases; (c) & surface with depth inhomogeneities (the circles and the
crosses represent differesit types of atoms y; (d) & surface phase consisting of
a submonolayer of foreign atoms on an otherwise homogeneous susface;
and (e) an interface between two homogeneous bulk phases (Ref. 1).

J. Vac. Sei. Technol. A, Vol. 4, No. 3, May/Jun 1986
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Measuring Spectra: Quantitative analysis

Primary assumption for quantitative analysis: lonization
probability (photoemission cross section) of a core level
IS nearly independent of valence state for a given
element.

I~

- Intensity o« number of atoms in detection volume.

T

=0 0DE) [ L[ 3,06 T (Yo7, B[ N, 2) expl ey vz

7=0 ¢=0

X-Hoys

Where: y
c, = photoionization cross section ’[
D(E,) = detection efficiency of spectrometer at E, s

LA(y) = angular asymmetry of photoemission intensity )

v = angle between incident X-rays and detection x ’ & Spectrometer
J,(X,y) = flux of primary photons onto surface at point (x,y)
T = Analyzer transmission ,

¢ = Azimuthal angle 7 w
NL(X, Y, ) = density of A atoms at (X, Y, Z) AZ~234e XY, /

Ay = €electron attenuation length of electrons with energy E, in matrix M

0 = detection angle (between sample normal and spectrometer) Samole

15




Measuring Spectra: Quantitative analysis

For small entrance aperture (fixed ¢, ») and uniformly illuminated sample :

I, = GA(ha))D(EA)LA(%)‘]oNA/IM (Ep)CosGG(E,)

Angles v, and 0, are fixed by the sample geometry, and:
G(E,) = || T(x,y,E,)dxdy
X,y

W S’

100 ¥ T T T T E—— T o T T Ty —

G(E,) = product of area analyzed and % J
analyzer transmission function
(“étendue”) S
’% e sy
Consider each factor in the equation ~ : ]
above: ; -
» D(E,) = constant for spectrometers 5 1

operating at fixed pass energy

Al Kg
(Scotietd)

3d%,§2 id*]‘sji “?Z‘Ta'z 4
L[ Pk eny

o1 A R SR SR SN SUN SN S S S S e A i 4
0 10 20 30 &0 30 60 70 80 S0

Atomie Number

* o, well described by
Scofield calculation of cross section:

5.14 Calculated values of the cross-section o Alhu) for Al Ka radiation in
terms of the C s cross-section. { Aftec Scofield?)



Measuring Spectra: Quantitative analysis

» For photoelectrons ejected by unpolarized X-rays, angular asymmetry factor is:

Ly(7) =143 B,(3sin® y -1)
Where _1<(3sin?y-1)<+1

[Know g, calculate L,(y,)]

» For spectrometers operating
in retarding mode: G(E,) ~ 1/E,
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Figure 5.17 The transmitted peak area intensity as a function of Kinetic energy for
various slit widths and pass energies giving an analyser resolution of 0.5 eV in the VG
Scientific ESCA 3. (Afier Seah?7)
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Figure 5.15  Calculated values of 8. (After Reilman, Msezane and Manson. *) Typi-
cal commercial configurations are shown in the fower part of the diaeram

So, for pure element, this leads to

1o — Bo,L,(7)NaAu (E,)
A EA
B is proportionality constant that can

be eliminated by setting a reference peak
to have unit intensity. 17




Measuring Spectra: Quantitative analysis

EXAMPLES: Assume two components, A and B, in the surface region

Case I: Aand B form homogeneous solid solution: ] *3,.’-,“f~*f,u?§-;?'

Want relative concentration of A and B = ¥ ,/Xg Where %, = atomic fraction of A .

Compare |, for solid solution AB with 1°, for pure element:

For A have: Ié\ — NaO/IAB(EA) Similarly, for B: |2 _ NBOﬁAB(EB)
IA NA/lA(EA) IB NBﬂB(EB)

Now, 4, is well approximated by: A, =c, E’® =0.41a; E°> [where ay, 4y in nm and E,, in eV]

Furthermore, N°, = a3, and N, = a3,5%a (atoms/nm3)

Therefore: NA/NX_ZA a, ’ or, in terms Za [ @ 1'5|A/|/‘i_ 1, ) ag +o 1o
Ng/Ng  xs\ag ofl,and g Vq: ap g /15 lg \ @, L

[best to use ref. standards from own spectrometer]

18



Measuring Spectra: Quantitative analysis

Case |l: Fractional monolayer of A on B: é}@ o (A A(A)
!

[Let ®, = fractional coverage of A] B

|z contribution:  (1-®,)I1°%5  contribution from exposed portion of surface

®,l5exp| - A contribution from beneath overlayer
o p{ lA(EB)cosﬁ} y
So: lg=1391-0,+0,exp| - %
o e AR A, (Eg)cosé
Signal from overlayer: 1, =0,1,41—exp| — o)
° YR e A A,(E,)cosé

. ®A{1—exp{— A }}
Which yields: 1a _ 1a 2, (E4)c0s0

IB Ig a
1-0,41—exp| — A
A{ p{ EA(EB)COSH}} 19




Measuring Spectra: Quantitative analysis

Case Ill: Overlayer of thickness d, of Aon B:

Substrate: I, =15 exp| - ds !
A,(Eg)cosé d, o) A
q i
Overlayer: |, =1%{1—exp| — A B
A A{ p{ ﬂ,A(EA)cose}}

1—exp{— Ay }
AV A,(E,)cos@

o aeoun)
exp| —
A,(Eg)cosd

If two core levels have similar binding energy, then: A, (E,) ~ Az(Eg)

0

o 1,/ d 1,/1°
Which vields: —2—2 ~{ex A —1% and thus: ~ AT A
d Wik { p{ﬂA(EA)cosﬁ} } ds lA(EA)COSQ'”{“lB/lg}

20




