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Photoelectric Effect

Energy e B
4 A
* Discovered by Hertz and explained by Einstein (1905)
* Photons strike the surface. e Vac‘(‘l‘jjm ')e"e'
vac
* Energy is transferred to electrons. T T
* Electrons are ejected if photon energy exceeds the binding energy + work ¢ = Eyac- Ef
function. Fermi level
----------------- = (Ef)

 Thisis the basis of all Photoelectron spectroscopy (PES) techniques.

Occupied electronic

Incident photon Emitted photoelectrons ) & Q states in the metal
with energy hv (kinetic energy Ey,) = (=)
(frequency v) e e
/ / / hv = ¢ +Eg+ Eg
where:

*hv: photon energy

*¢: work function

*Eg. binding energy

*Ey :kinetic energy of emitted electron
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Metal (e.g., Au)
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Photoelectron Spectroscopy (PES)

. SYNCHROTRON
\, LIGHT SOURCE

ANGLE-RESOLVING
ENERGY ANALYSER

VACUUM
—— CHAMBER

S PRESSURE
/ MULTI-CHANNEL

.~ PLATE DETECTOR

- %

microchannel

SAMPLE
plate

MANPULATOR STAGE\ V.

COLLECTION
CONE

SAMPLE POSITION

UHV - Ultra High Vacuum
CONTROLS J

Environment ( p < 1077 mbar )

EB =hv - ¢ _EK

where:
*Egis electron binding energy inside the material
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By measuring electron kinetic energies
very precisely, you obtain information
about:

= binding energies
= valence bands

= core levels

= chemical states
= density of states
= work function

= electronic structure
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Aspect

Photoelectric Effect

Photoelectron Spectroscopy

Nature

Physical phenomenon

Analytical technique

Main question

Can light eject electrons?

What are electron energies?

Measurement

Current / threshold

Energy-resolved spectrum

Output

Electron emission

Electronic structure

Energy resolution

Often unnecessary

Critical

Typical purpose

Fundamental physics

Materials characterization
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PES ( XPS and UPS)

_e Hel & Hell Al Ko
Core Electrons 21.2 eV 40.8 eV 1486.6eV

c %
A 22 >

Valence Electron Kinetic

/ energy / eV
0

©

OF—o0ev
Valence
band
hv 35 eV
72.55eV —0—@ *—o 2p
L & 2s
Binding
XPS (X-ray): High energy (1000-1500 eV). Probes deep Core Levels energy / eV
(e.g., 1s, 2p). 1559.6 eV O ° 1s
Y

UPS (Ultraviolet): Low energy (10-45 eV). Probes the Valence Band
and shallow levels.
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Electron Scattering

ELECTRON SCATTERING DEPTH-_COMPONENT

Single
Scattering

Sl Partially Lost

" % e Kinetic Energy Conserved (No Loss) (Transferred)
» ¢ Component
© Target Material A 2 O _— Secondary

Characteristic Peak

Property Elastic Scattering Inelastic Scattering

\_ © Target Material B © - Spectral Result for Source of Binding Background
: . Source of Spectral
information
Background
PHOTOELECTRON SPECTRUM
A SINGLE SCATTERING Data Value Elemental/Chemical  Loss of Energy

&« (ELASTIC) |dentity Information

MULTIPLE SCATTERING Origin Depth Very Shallow (< 10nm) Can originate deeper
(INELASTIC)
' BACKGROUND

Kinetic Energy (E,)

lNWUANCE Northwestern

le Charact EXPLORING INNER SPACE



Inelastic Mean Free Path (IMFP)

The inelastic mean free path (IMFP) is an index of 10" ——————r————r—
howlfgrba? elelctrgn on average travels through = : — A :?_23 10.054-V E « A = inelastic mean free
a solid before losing energy. £ path (nm)
Why inelastic scattering is critical o XPS * E = electron kinetic
= 10° 4 energy (eV)
UPS ]
Suppose an electron originates from a sharp Au 5d [ . _— ] B
state. . . . . 10" 10° 10> |n photoemission, 95% signal
If it escapes without inelastic scattering: Electron energy (eV) comes from 3 A :
= it contributes to the sharp UPS peaks. .
XPS *UPS =20 A probed
If it loses energy: *XPS =55 A probed
= jtsoriginal binding-energy information is o
destroyed
= it becomes part of the secondary electron
background. A 63%
20 86%
30 95%
Therefore:

= useful UPS signal comes mainly from electrons
that avoided inelastic collisions.
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UPS (ULTRAVIOLET PHOTOELECTRON SPECTROSCOPY)

L. HEMISPHERICAL 4 h
ELECTRON ENERGY ANALYZER WORKING PRINCIPLE
\
UV LIGHT SOURCE ‘ ULTRA=HIGH « UV photons (hv) irradiate the sample
d eject electrons.
= VACUUM CHAMBER e
£ . ineti E,) of emitted
i (~107" mbar) The kinetic energy (E;
Dischagge LSy photoelectrons is analyzed.
21.22 eV
: ) « The binding energy (Eg) is obtained from:
or e 3 Eg=hv-E - ¢
P — FOCUSING hv / P . _ where ¢ is the work function
OPTICS L . ' of the spectrometer.
_ Hell ENTRANCE L !
Discharge Lamp ! SLIT _
(40.81eV) > iR § — N
! v hv : Photon energy
or |_§ T EALSUL e~ : Photoelectron
i I L x  Kinetic energy
( e E SAMPLE DETECTOR g K gy
N/ Radiation ; (MCP + PHOSPHOR ¢ : Work function
= Ko — =
| : SCREEN)
s 4
SAMPLE - | F =
TRANSFER - :
TYPICAL UPS SPECTRUM
(LOAD LOCK) i PROCESSING
¥ !
i i
TYPICAL INFORMATION OBTAINED i 3 DATA ACQUISITION = I
s |
« Valence band structure SFONRCER =y !
VACUUM PUMP @ |
« Work function g |
= Electronic states near the Fermi level !
+ Chemical shifts and electronic structure t T T T t
16 12 8 4 0
Binding Energy (V) Ef
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UV Source

Helium UV Source: He |l and He Il in UPS Why Use Two Sources?

Principle He |1 (21.22 eV)

A helium discharge lamp generates ultraviolet = Higher photoionization cross-section for valence states

photons when excited helium atoms or ions relax to =  Strong signalintensity

lower energy states. =  Standard source for work function and valence band
measurements

Pressure-Tunable Operation

Sources are generated in a cold-cathode capillary He 11 (40.81 eV)

discharge. Adjusting gas pressure allows selection: = Higher kinetic energy photoelectrons

Higher pressure favors He |, while lower pressure = Access to deepervalence levels

optimizes He Il yield. = Different orbital sensitivity (especially d- and f-electrons)

»  Useful for electronic structure studies
UV beam spot

(5 mm)
g\ On the Thermo Scientific Nexsa G2 Surface Analysis System,
X'rag beam  +he UPS source uses a He | / He Il ultraviolet source and is not
Spo micro-focused like the X-ray source.
(<0.4mm)

N UANCE Northwestern

Northwestern University Atomic and

Nanoscale Characterization Experimental Center EXPLOR’NG ’NNER SPACE



Hemispherical Analyzer

e [ > Principle
= Electrons with different kinetic energies follow different trajectories in

an electric field.
=  Only electrons with the selected energy can pass through the analyzer

and reach the detector.

2 vl Pl
Multichannel Detector
l Pass energy < Energy resolution Pass energy 1/ < Peak intensity
Increase Kinetic Energy
E— 500
2 400}
<
= 300
=
£ 200F
<
8 100f
0.0 0.5 1l.0 1j5 2.0
FWHM (eV)
3'}7 3';4 3].’1 368

Binding Energy (eV)

Ag 3d spectra acquired using the XR5 X-ray monochromator ~ Ag 3d5/2 peakintensity as a function of resolution
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UPS Spectrum

hv /

T
LUMO Z
S / E,
HOMO / HOMO

s Cutoff

HOMO (Highest Occupied Molecular Orbital)
= The onset of the valence-band signal closest to the Fermi level.

A

Intensity (a.u.) feature to the baseline.
= |ndicates the energy of the highest occupied electronic state in a
semiconductor or organic material.

Secondary Electron Cutoff (SECO)

= Located at the low kinetic energy edge of the spectrum.

= Corresponds to electrons that barely escape from the sample su

= Determined by extrapolating the cutoff edge to the background
baseline.
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= Determined by extrapolating the leading edge of the valence-band

\ Secondary electrons

Photoelectron
with elastic
scattering

KE

= Photoelectrons that escape without energy
loss produce the characteristic UPS peaks;

= |nelastic scattering generates secondary
electrons and a broad background signal;

=  Photoelectron spectroscopy its strong
surface sensitivity.

rface.
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lllustration of the Processes Leading to a UPS spectrum

Spectrum

hv
Secondary

Electrons

Observed
Spectrum v

ERl-— T TR T T T T 'l

Valance Band

Density of States —»
Applied Surface Science Advances 13 (2023) 10038

N UAN CE Northwestern

EXPLORING INNER SPACE

Nthwt



UPS Data

UPS Hel Survey = — —
CD hv (Ecutoff EF)
A
[\ Fermi level=0 eV
1.60e6 /0
o\ HOMO = 2.1 eV
1 Cutoff =16.8 eV
1.20e6 \ .
w \ Work function =21.2 eV -16.8eV =4.4 eV
S 8.00e5 i e T \\'\.,\ !
i \ I ¥ Modify JCProfile +x Arithmetic @) image '/ Utilities Z-Angle Resolved XPS 2
— 1 '.' : e
: : K ov 5P T8 Pt A e L7 oy | .
4. 00e5 Cutoff \\", i asures Work Function i o
\'.‘ H rent Data View  Data Grid 54  Data Grid 56 X%
i i \ i E. (P) |Atomic |Q |Backgnd
o : ‘\ : eV %
0.00e0 l"'u T T 4i—f-/ T : T T T T T T T \\v :
24 20 116 12 8 a . ) . )
Binding Energy (V) HOMO And click on the "Measure Work Function lcon
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The effect of The Surface Contamination

=k 'tt Experiment

UPS Hel Survey :
g B ﬁ,ﬁ? UV Source

LUPS Hel Survey

A "n,[ 2-0096: |_j . Area Scan
4.00e6 A | 1 6066 - N “4ig lon Beam Etch
\ : { N\
w { ' -E i f ? CI -+- Point
3 30066 ! 2 1.20e6 4 s J* Yy /0 TR 1A UPS Hel Survey
S 2.00e6- Nt R 3 8.00e5
Q A ) l'"-ll E
4.00e5 - .
1.006 \ = _.' 4 Area etching
/ ” ]
” \‘\ 00090 T T T T T T T T T
0_00 0 Jfl T T T T L] T T lL T 1
910 6 5 P 6 10 10 GB_j E-2 (:5)\10/ + + ++ + + + + +
S : inding Energy (e
Binding Energy (eV) + 4+ + 4+ + + + + +
+ + ++ + + + + +
Raw Au surface Au surface after 30s 3kv high ion etching
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Remove Surface Contamination

Before we can do UPS we will first need to run some XPS analysis.
This has 3 purposes:

1. Verify that the sample holder is making contact with the stage
2. Find the optimum analysis height

3. Check the level of carbon contamination on the surface

—r— rerem— The first few nm of a surface coming
o o from atmospheric environment are
Silver foil | composed mostly of O, C.
G level has been reduced. Sputter cleaning:
Repeat this process untll High energy (a few keV) Argon ions (Ar*)
B all Cis removed impinge to the surface and sputter the
- topmost atomic layers
1.00E+06 ‘h‘wr\ﬁ ' //A / \-u\ J U
\ e\, J " 1.00E+06 AN |
‘JL’#M “/“ d“._ﬂ,m’f/ L' \ w"”f/ }\‘"‘/’J » f_,zv""j & l
L_,,J___ﬁ.j_w.—'—'hﬂ\b Jl L ML’\_J
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UPS Hel Survey

UPS
s SpPEectrum
NO Dias

Biased UPS

UPS |
spectrum [
applied | \ d

2 DDE +Dé

i
- |
8 T -] B 1 n o2 1319

DD0E=DD
4

{NUANCE

0.00E-00 P
10
Kinelic Enarg\(eV)

With negative bias, the cutoff is sharp and the intensity is high
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UPS Measurement With No Negative Bias

/ VL

-e -e -e -e /
VL x

v ¢samp|e
FL ====- i Sttt FL

hv
AE
Last ejected e-——> ¥ <
Sample Spectrometer

(Dsamplezhv_AKE

Only e- with a large enough KE can be detected by the spectrometer
Those below the VL of the spectrometer are not detected.
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UPS Measurement With Negative Bias

VL

FL

® =hv-AKE

sample

Sample biased

-e-e-e -6

b \\
sample VL

—_— ¥

Sample

hv

Spectrometer

Applying a negative bias to the sample shifts the whole band structure and all the ejected
electrons reach the analyzer.
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Effect of Charge Compensation

UPS Hel Sur‘!e‘iiﬂﬁ UPS Hel Survey #002
2.00e6 - gy 'i
1.60e6 4 ‘\ o
£ | \ / \ » | of \
w 1.20e6 - \ | -
— | w | J
§ i | | & II‘ E ‘ I _x“r I'll
S 8.0095: ‘I | II I"., 3 8.0095: [ K
| 1|1 \ \ / \
4.00e5 1 .-'r ". | 4 00e5 - || | '.II f \
- / \ \ | J \ |} N\
0.00e0 trdr————— £ 3
L ool A
14 .10. 6 2 2 1 10 : 3 7
Binding Energy (eV) Binding Energy (eV)
Flood gun is turned off turned on

= Extra peakis from the electron flooding gun. It affects the cutoff accuracy.

= Butforinsulators like glass and polymer, surface charging heavily shift and distort the spectrum, charge compensationis a
compromise method and extra caution about SECO is needed.
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Example-1 CoPc/Au

(b) Difference spectra (C)

thickness CoPc | |
(nm)

8 |
‘s

=

g

b CoPc
>

£

&

= Au

clqan Au

12 10 8 6 4 2 o0 =22 _ 1 0 1
Binding energy / eV Binding energy / eV Binding energy / eV

Zoom-in shows
interaction features
between the film

and substrate J. Phys. Chem. C 2010, 114, 41, 1763817643

N UANCE Northwestern

Evolution along the
thickness of CoPc film

Onset (HOMO)
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Example-1 CoPc/Au

E" 5.4 -
C4 A~1.1eV
i v :q>3 5.2-_
% 5.0 4
Fvac =5.3eV §
|=4.95eV ®=4.2¢eV §
R 22— R HOMO cutoff E
' ! ®,=075ev £

Au CO Pc T T T T T T T T T T T v T T
0.0 0.5 1.0 1.5 2.0 25 3.0 3.5 4.0
CoPc film thickness / nm

Schematic energy level diagram for the CoPc/Au interface deduced from Yarlatlon ofthe high b!ndmg energy cu.toff region for the CoPc/poly-Au
.. interface as the organic layer grows thicker.
photoemission measurements.

J. Phys. Chem. C 2010, 114, 41,17638-17643
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Example-2 CoPc and F16CoPc on Au

abpo 1oy

F16CoPc

. . 0
=  UPS data shows the first ionization energies (HOMO) for CoPc and F16CoPc adsorbed on Au surface.

= Adifference of 0.5 eV was measured between CoPc and F16CoPc compounds.

= Thisis due to the high electro-negativity of fluorine, therefore the electrons are tightly bound > need more energy to
escape from the surface.
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Exampl-3 Electronic Structure of Pentacene on Hafnium

| | | | | |
Hel 21.2 eV
Pentacene
HOMO Ee Thickness
1.52 eV
. 51.2 nm
— —
=z
=
=
O
- & 12.8 nm
o)
R7)
o
L
=
— \ 3.2 nm
A\ 0nm
I | | | |
4 3 2 1 0 —1 —;

Binding Energy (eV)
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E

vac

2
~J
N
™
o
»

-

3 028eV

A

49 eV

LUMO

I 1.52eV] HOMO

Pentacene

Binding Energy Spectra vs. Film
Thickness: The left plot displays
UPS data showing the evolution
of the HOMO feature as
Pentacene thickness increases
from O nm up to 51.2 nm.
Hafnium Work Function:
Measured at 3.75 eV

Interface Dipole: A potential shift
of 0.28 eV occurs at the
Hf/Pentacene interface.

HOMO is located 1.52 eV below
the Fermi level, while LUMO lies
0.68 eV above Fermi level,
indicating a 5.58 eV work
function.

J. Korean Phys. Soc. 46(4), 760 (2005)

Northwestern

EXPLORING INNER SPACE




Exampl-4 Electronic Structure of Au in Metal and CsAu

= Metal Au: The 5d electrons form a broad band
between 2-8 eV and the 6s electron is seen
between 2eV and the Fermi level. But the 6s band
extends to much greater BE, it is strongly
hybridized with the 5d band.

Au 5d

6s
Au 5d : = CsAu: a red transparent semiconductor with a 2.6
CsAu 2eV eV band gap (with a large electronegativity), the

) £ ) Au becomes a negative ion with a filled 6s? shell.

Cs 5p \ 9 : This results in a 5d1° shell that is a core like spin-
\ Au 6s E orbit doublet with 1.5 eV splitting, the 6s
l 1 electrons constitute the VB and lies about 3eV

10 5 0=E -
Binding energy (eV) 5 below Fermi level.

Counting rate

N UANCE Northwestern

Northwestern University Atomic and

Nanoscale Characterization Experimental Center EXPLOR’NG ’NNER SPACE



A few practicable tips:

Flush helium gas line

= |on sputter clean sample surface

= Optimize sample height with X-ray gun

= Apply negative bias

= Check Fermi level with clean Au sample

lN UAN CE Northwestern
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Summary

What UPS Measures
=  Uses ultraviolet photons (He |: 21.22 eV, He ll: 40.81 eV) to probe occupied electronic states.
= Highly surface-sensitive technique (~2 nm information depth).
= Provides:

= Valence band structure

= HOMO /valence band maximum

=  Secondary electron cutoff (SECO)

=  Work function (®)
Key Concepts
=  Useful signal originates from electrons that escape without inelastic scattering.
= Hemispherical analyzer measures electron kinetic energy with high resolution.
= Negative sample bias improves SECO measurement accuracy.

= Surface cleanliness and charging control are critical.
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Summary - continued

UPS Data Interpretation

= HOMO/VBM - highest occupied electronic states.

= SECO - low kinetic energy cutoff.

= Work function calculated from: ® = hv - (E_ .+~ Ef)

= Changesin HOMO position and work function reveal interfacial electronic interactions.
Applications

= Organic semiconductors and OLED materials.

= Metal/organic interfaces.

= Surface modification and treatment studies.

= Electronic structure characterization of functional materials.
Best Practices

= Verify electrical contact with XPS first

= QOptimize sample height

= Remove surface contamination when appropriate

=  Apply negative bias during UPS measurements

= Check Fermi level calibration using clean Au reference

UPS is a powerful technique for directly probing the occupied electronic structure and surface
energetics of materials.
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Thank you for your attention!

Questions?
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