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Definition of a Surface

= XPS surface analysis

e What is a surface?

» XPS measures

= Surfaces using XPS and angle resolved XPS
= Ultra-thin films using XPS and angle resolved XPS (ARXPS)
= Thin films using XPS in combination with sputter profiling

Surface (1 nm) 3 atomic layers
Ultra-thin film (1 to 10 nm)
The modified layer is often far too 3 - 30 atomic layers
thin to be characterized with most
techniques. Thin Film (10 nm to 2um)
The extreme surface sensitivity of :>
XPS ensures that only the top few

30 - 600 atomic layers
nanometers of the sample are

—
analyzed.

Note: Approximate layer thickness only. Actual values depend upon materials
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Definition of a

The modified layer is often far too
thin to be characterized with most
techniques.

The extreme surface sensitivity of
XPS ensures that only the top few
nanometers of the sample are
analyzed.

Note: Approximate layer thickness only. Actual values depend upon materials

ARXPS#HtLL T E R
O BHE R+ £ E RRHES T
OEEEE
OHEF LR KNS Mm (FE
LT ER)

= Ultra-thin films using XPS and angle resolved XPS (ARXPS)
= Thin films using XPS in combination with sputter profiling

Surface (1 nm) 3 atomic layers

UItra-thin film (1 to 10 nm)
3 - 30 atomic layers

Thin Film (10 nm to 2um)
30 - 600 atomic layers

—
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Spot Size and Detection Range of XPS

TEM/STEM S =

o 9 100 at% E
g
STEM/ | Auger SEM/ Raman XPS/ '
1E22 EDS | . EDS ESCA il
o
1E21 1 at% A= 4
L]
o
<
1E20 01 at% E
a
<
It}
1E19 100 ppm =
TOF-SIMS
2 1E8 10 ppm
g5
=
gg 1E17 Tppm
$q
8 e 100 ppb
1E15 I Chemical bonding/ 10 ppb

molecular information
B Elemental information ) Dynamic SIMS

Techniques

1E14 B Imaging information 1ppb
I" Thickness and Density information on
{no composition infﬂm‘llaﬁnn":r;a Y
1E13 | [ Physical Properties 100 ppt
The EAGLABS™ Bubble Chart
1E12 2013 Evans Analytical Group 10 ppt
0.1 nm 1nm 10 nm 100 nm 1um 10 pm 100 pm 1mm 1em

Analytical Spot Size
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Historical Background of XPS

Ol Ol g

Discovery of Einstein First Photoelectron Further First _

Photoelectric explains the Formu_latlon S|_oectra of Development commercu_al

Effect (Hertz) Photoelectric  ©f Pasic different of Method XPS machines
Effect XPS Theory elements were (K. Siegbahn) available

(Rutherford) recorded

&

H. Herlz A. Einstein P. Rutherford K. Siegbahn
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Notation of Atomic Electron Levels
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J=l -5
j=€+s

L-S Coupling (j = |l +s]| )
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Notation of Atomic Electron Levels

Relative Intensities of Doublets

Subshell | J-values | Ratio N
S 1/2 -

om0
g :
f 5/2:7/2  3:4 iy /

L-S Coupling (j= |l +s]| )
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1.1 XPS EEH$

Photoelectric effect

Albert Einstein, Nobel Prize 1921

Oxygen atom

Photoemission as an analytical tool

4 e .
Oy photoejected electron @° Kal Slegbahn, Nobel Prize 1981

electron spectroscopy for chemical analysis (ESCA)

X-ray photoelectron spectroscopy (XPS) is a surface-sensitive quantitative technique that
measures the elemental composition, empirical formula, chemical state, and electronic state.
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1.2 XPS BY[RIE

ey @TCBTFAIFTE (ANBIFE
S TE5YRIER, HEER
RS b ?r)

o tRTHENE (JERRT

F=HE A A1 [ER R

Si0,/8i° . | )

Photo-Emitted Electrons (< 1.5 kV)
escape only from the very top surface
(70 - 110A) of the sample

Elactron
Collection

Focused Beam of

X-rays (1.5 kKV)

Eiectron A
Take-Off-Angle £=

Sample _
| ea [ \
Samples are usually solid bacause XPS Si2p) XPS signals _J |_ _l
requires ultra-high vacuum (<10 torr) from a Siiicon Wafer

MTHEREN M A& 592D R
Egin =AV-Ep, s -4 -bs)=hv-Ey, -, IMIEZFX)
Ep= hv- Exin — by
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1.3 XEIRBE (surface sen5|t|V|ty)

£ X gt Feast, RERGREN X §%5F I EABAMER(~Tum) |
(BERFEBEFEREIRFAVFEREEET (inelastic scattering) &EITREX, ,\E/J\*‘IZ
SEARGEEFIEEMmRERE. JHIENRTeREEIRFNHETE KR
FERE 1~10 nm , EEFREGRGENEFBegaizt, (BEEIRHNIRER
EP%'—?HEJE?EIEEWESE%EE HmelilXoth2TTEN (B2EE,

?gﬁlzgc round) . BBFEEIEAVZRE R SUE 2 ERWARPEIET KB HEETHIREIER

®inelastic mean free path (IMFP, A): s EHE, BEE—EeEE
FIEEL R EFRE YA BERMERE 2 AT EIT RUFIIERRS (nm 8847) , FRAEF
RYAREESF IS B TS,

®attenuation length ( AT ) : =REI<E. The attenuation length, which
determines the surface sensitivity of XPS and AES, is thought to consist of
at least two contributions, inelastic and elastic scattering. In general, the
attenuation length is about 10 per cent less than the IMFP.
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1.3 XEIRBE (surface sen5|t|V|ty)

For an electron of intensity I, emitted at a depth d below The
surface, the intensity is attenuated according to the Beer-
Lambert law. So, the intensity I; of the same electron as it
reaches the surface is

I, = [je~ %A

BHRRSE 0~A=>63% =
0 ~3A=95%
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1.3 XEIRBE (surface sen5|t|V|ty)
M. P. Seah #1 W. A. Dench @19 KX2RILfREEE | 245

HIATEREAT -

® FHLTTER: A =23+ 041(aE)2 monolayers =

® THLED A = 2;0 . 2 monolayers [

P EZETEEE , eV ; a BFIREEE , ~ : )

( PNAvo)l/S (—A=RITA979 0.3 nm ) i =)

® XIFHE : A=041(E)05 = 8 B=, BIA=2.2nm , 3 | 0 il
A=6.6 nm Il 9

® WFT&EIEE : A =0.72(aE)°5= 13 B2, BIA=33 ! ) ol
nm, 3A=9.9 nm | T

= FLARADINEE | B METLELE XPS BEEEER “Universal Curve” for IMFP

Bt (1-10 nm ) IX—45,

; >L \g}{ K ‘%i‘ M. P. Seah, W. A. Dench, Surf. Interface Anal. 1979, 1, 2. m
¥ J1ANGsuuniversiTy  (citations>5000 on Google Scholar)
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binding energy) i
I TRIEEHE (B) RETETHET( 1l 5%

B1a] (Z) Z[BRIEEFREE.

RN ERIE U RERIE T35 1maF LN ST AT RRhY

5 ESEE

( chemical shift)
f(n—1) — E'(n) FiZR8E , FIFIELRS ;&F%Bmm
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Binding Emcrzy [ oW ]

(1] =REEMZ B CAsHUE T4 A BAH.
EEYHKC 1sHIER T8RRI

C-C < C-0 < C=0 < 0-C=0 < 0-(C=0)-0
XEVSHNE—BH. HTHEEERETS
BRIR T BB H RN, BEARFEENIE
i, SHEC1sESREERHIEM.

—Hekin , STTRINANSHGE , ENTRFEIHAIERETAHY E 718 18I
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3ds» Binding Energy (eV) 3dsn Binding Energy (eV)
Compound 367 368 369 Cpmpound Type 881 882 883 884 B85S 886
Ag l
Alloys Ce i
Ag:S CeAl, N
Agl CePd, _ =
AgF CeSe
AgF CeCusSiz [ ]
| Oxides | CeO :
Ag:C0s CeHa
Sulfate
AgQOCCFs
Ag(DAc)
Ag Ce

I H K
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2.3 2SN

® TR

?‘ JSCFREREETHRTRREFEREFNEE | SERIERIESE XPS
15 RS S RET R,

® ZE iﬁg Zd(multiplet splitting)
%J‘?‘7 S BEHEFRNTE (valence
band) HBEBIeREXIHIEF, HBPA
FeE R BT R BIRN T ES MR RN
MBEAREXBIRBEFRERS, K | . .
HIAR—ANES, BEHIARLS ™ e
B (4f HiE_ EBFRMITEFZEE) LA Figure 3.7 Muipe spliving forthe Ni 2p secsam of NiO

NMTEERE (3d B LBREXIEF
=) HBERJF: Mn, Cr (3s levels), Co, Ni (2ps, levels), and

the 4s levels of the rare earths.
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2.3 EEWR
® = El(Shake up)f0Z== (Shake off)

Shake-up satellites may occur
when the outgoing photoelectron
simultaneously interacts with a
valence electron and excites it
(shakes it up) to a higher-energy

level; the energy of the core | v
electron is then reduced slightly o — ‘u
giving a satellite structure a few e
electron volts below(but above on S T | S

a binding-energy scale) the core wf p,,L
|eve| pOSition' g?gINDING EilSEURGY [e\n’]gm

B I K 4 ZESHB(multiplet splitting) . E(Shake up)sm,%%—(sr\am
F sancsuuniversity Off)FBFR AN ELE (satellite peak or simply called satellite
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Tabla 3 — General guu:le to paramagnelic spacies
Multiplet splitting and shake-up lines are generally expecied in the paramagnetic slates below.

Atomic MNo. Paramagnetic States Diamagnelic Slates
22 Tit® Ti*? Ti**
23 V¢21uiﬂlv+i -.u,.+5
24 Crt2 Cr*d, Cr*4, ortS Cr*e
25 Mn*Z Mn*3, Mn** Mn*3 Mn*7
26 Fe*2 Fe*d K¢Fe (CN)g, Fe (CO)Br;
27 Co*# co*? CoB, Co(NOa)s(NHa)3. K3Co(CN)g, Co(NH3)Cla
28 Ni*2 KaNi(CN)4, square planar complexes
29 Cu™* =gl
42 Mo**, Mo*5 Mo*8, MoS,, KiMo(CNJg
44 Ru*? Ru** Ru*® Rut*?
47 Ag*z Ag“
58 cet?d Ce*?
59-70 Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho,
Er, Tm, ¥b compounds
74 Wi w3 W*8 W0, WCly, WC, KsW(CN)g
75 Re*2Re*?Ret*Re*3Ret® Re*’, ReOj
76 Os*30s*40s*? 0s*?0s*8 058
77 Irt4 r*?
g2 U+3|U+4 U+Ei

Hjﬂl%?i & (multiplet splitting) . E&(shake up)BUTTENS (LIHESRD)
.,}

JIANGSU UNIVERSITY
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B 3. BE—ARSE €
3.1 XPS iBERWIR G (ERRIHSTMER])

oG Fi5lE (photoelectron lines)

1.87F X SH&ElkFERY R, LA ER HE N RFHEREEF, EfE
XPS EE FSHMMBAIEE, RTAED =S ULIARHZHE B FIE, ELrT LTI
XEIEHRBEEETIZRITIC, IEREBFITTH=ITELEIRE.

2 oYt e BiEEEE R A, IEF&/N. WFRMERFINELE, FR9 XPS BEiE
% . BRI EECHNESRIHMEBIEE L. E2tEaEED TR,
3.5, BTFHEERFFENTREAABAICEFRESEEERANES, ELiESBTE
[BIRSFHUERIR/N.

e @
o (B EXFE Fifil§(Auger lines) Fi .
1. 3R (SREREESIUE) RT / | _
HIRIREERT ., TREMFNE XPS , B / | |
B A SHEE SRR NS 202, : o —

HEge S NG FIEEE hvoX. ' / )
2. & XPS 71, FILAMERE| KLL, LMM, —e- 00 0e L A
MNN 1 NOO [P RFIRIEER L. I G

3. BB FIES LSRR A,
O BREE¥

Qﬁf’t JIANGSU UNIVERSITY
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g 3. R —ARASHE
3.2 XPS 1IEERURR N (MR T EamAYE

;I_\
=
S
i
S

0,;, &2 (shake-up lines)
E"’fu(multlplet splitting)
BEEIRKIEZ(energy loss lines)

The final type of loss feature to be

considered is that of plasmon losses.

These occur in both Auger and XPS

spectra and are specific to clean metal

surfaces. They arise when the outgoing
electron excites collective oscillations

(%MKJ:}L:Y%) in the conduction band 190 182 174 166 B::§|NG1E10ERG‘1;’12V 134 126 118 110
electrons and thus suffers a discrete
energy loss (or several losses in Fgur 12, Enrgy loss @lasman) ines sssociated wil e
multiples of the characteristic plasmon plasmon at b). ’
frequency, about 15 eV for aluminium).
%%W%M?EI’J XPS E.

FHIZ:

4.
»7 & z ,
0 o o s k ‘/Véi
> ’ '\z{‘ 3
% &Y JIANGSU UNIVERSITY
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U 4 EESISE
4.1 FEEAEAST)

o LRS- £ AfmiE(Survey scan)

&

1.8 C, O REHIA, ALIEIRA C, O Kyt F18%, Auger ZlkJgT C, O RY

Hithz=BIRNEL,;

2 HEURERIFRPERITRABRIESANE RAVRIES, A X S AEFMaY
BITRNIEARREREMMRIENNAY TR | FHrdEBXE, FEEETREAIBIER]

BEEETINEES ,

3. Re==RRIRAVESE S, RIRENIRSEMPARINTRIIELE (RE8%) |
A35F p, d, fFIBERISHINEREI—RNMABIENEEN, HENUEEERIESE—
RA—EE (BETREITER) . p ERGRELLN 1:2; d&m 23 f %934,

® HUEXRE- S0 #HE(Detail scan)
XIRSGHRAIT LN o, AT EXIE S o H
im, BREATIREEINSHER, NESEERE
MBS, SETRIEIRTS, S TIRBUSHRZ
2, 8@ AT EEDTTIIREE NEIHAYITEL, AT
R AREIER D EEIEESTREFEFAME,

P ot v2
O BEERE
AT

Qﬁf’t JIANGSU UNIVERSITY

T
— window 2 =

Fls
window |
B Cls N
Bunrmpnneniniod | | A 4
oo B0 401 200

from 275 eV up to 300 eV
from 675 eV up to 700 eV



" 4 EHSHFEE €
4.2 1

LFEDH

oIz

1.

2. HERSEN

3. BllE., ZEDRFIFIZEM

1.1EEFM: Handbook of X-Ray Photoelectron
Spectroscopy (1992)

2. Web #i#8FE: http://srdata.nist.gov/xps/ (NIST
X-ray Photoelectron Spectroscopy Database)
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Rindine Fnerov eV

Bi e S5 o¥aE ( Handbook of X-Ray Photoelectron Spectroscopy (1992) , p. 191)
Mg Koo - N- — “;_ e Af7r2
oo AN = .
bacdasin l
“Adssz
NN “darz
4parz
as Apuirz
Sp
1200 1000 800 600 200
Binding Energy (eW)
4f,,, Binding Energy (eV) 46y = 157.0 eV it
Compound Type 156 157 158 159 160 161 162 A=531eV "
Bi '
4f.
Bi:Ss = e
Bils
BiF;
8101 m
BiOC! [ | |
NaBiO3 [ ] / i
Bi:MoOk ] /
BixTi200 H \ P2 .
(Bi0)xCr20n [ ] il
Biltso-th L) HJG 170 160 150
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M NIST X-ray Photoelectron Spectroscopy Database 15ZI£41=E

https://srdata.nist.gov/xps/

1. REMTRAIBAY “Search Menu”

XPS Home
Introduction

Data Field Definitions
Wersion History
Disclaimer
Acknowledgments
Contact Information
FEAOQs

Rate Our Products

NIST X-ray Photoelectron Spectroscopy Database
NIST Standard Reference Database 20, Version 4.1

Data compiled and evaluated
by

Alexander V. Waumlbdin, Anna Kraut-Vass, Stephen W Gaarenstroom, and Cedric J. Powell

LK

JIANGSU UNIVERSITY

©2012 copvright by the U 8. Secretary of Commerce on behalf of the United States of America All rights reserved.

Distributed by the Measurement Services Division of the National Institute of Standards and Technology (NIST) Material Measurement Laboratory (MML). NIST is
an agency of the U.S. Department of Commerce

Last updated: September 13, 2012 (Created: June 06, 2000)

NIST Home Page | NIST Data Gateway | NIST Databases | Privacy Policy / Security Notice / Accessibility Statement
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2. ATEMTRAIBAY “Retrieve Data for a Selected Element”

XPS Home ~ XPS Home

Introduction

AN t- Identify Unknown Spectral Lines
Data Field Definitions » Retrieve Data for Selected Elements
Version History

Disclaimer b Retrieve Data for a Selected Element

Acknowledgments
Contact Information

FAQs
Rate Qur Products

b Display Wagner Plot
» Retrieve Data for Selected Compounds

t Retrieve Data by Scientific Citation

& Instructions:

* (Click on solid arrows at left to display additional choices.

22012 copvright by the U.S. Secretary of Commerce on behalf of the United States of America. All rights reserved.

Distributed by the Measurement Services Division of the National Institute of Standards and Technology (NIST) Material Measurement Laboratory (WML, NIST is
an agency of the U.8. Department of Commerce

LK
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3. REMTIAIBAY "Binding Energy” #1 “Go to Step 2"

XPS Home & Retrieve data for a selected element.
Introduction

Seanrch Mot Step 1. Choose tvpe of data:

Data Field Definitions ® Binding Energy

Veicion Lo Auger Kinetic Energy

Disclaimer Auger Parameter

Acknowledsments Doublet Separation

Contact Information Surface/Interface Core-Level Shift
FAQs Chemical Shift:

Rate Our Products : :
| Go to Step 2 |

XPS Home = Retrieve Data for a Selected Element

©2012 copyright by the U.S. Secretary of Commerce on behalf of the United States of America. All rights reserved.

Distributed by the Measurement Services Division of the National Institute of Standards and Technology (NIST) Material Measurement Laboratory (MMIL). NIST is
an agency of the U.S. Depariment of Commerce

LK
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4. (AT “Bi" JTE

Step 2. Select an element for binding energy:

1A IA | IIB | IVB VB VIB VIIB VIII 1B IB | IIA | IVA VA VIA | VIIA | VIIA
g ‘He
Li | *Be s | c | x| 0| % |
Transition metals _ I
| | s |7 |
19£ 2{]& 2 IE 22-[1 231 24& 25:\&1 JﬁPE 3_-(:'0 :SNI 29@ :.Elzn 31Ga 3¢E 35& 36&
3?@ 38& 391_{_- -rI:IZr - IE —!_'-':.'. o 437, -'.-lRu 45@ iﬁP_d -7£g "'SCd 491_1:. e 531 54&
55@ ﬁﬁB_a ;'-‘]_._ﬂ _-_’-'I_E- ?Sh _J-E "‘RE 75& "_h, _S_t _Qﬁ_u SSHE ﬂlﬂ HPO Ejﬁt SGR.I].
_S'IFI EERE SQ"A_C lﬂ-er m{Db lﬂﬁsg 10 Bh IUSHS 139}.&
lanthanides 53& SQE 59—Nd i) IP_m 535_111 53@ 5—1@ 55@ 552}: ﬁ?@ 55& 59-1-_ TGE 7 1@
e 0t | 9pa | 2u | %o | %Pu | PAm | %cm | 9Bk | %ce | ¥Bs | 190Fm | 0tva | 10280 | 1031,

LK

JIANGSU UNIVERSITY




'. 4. EEIRHE

g "4f5/2" LUK "4f7/2" ] EM, BRd “Search”

XPS Home % Available photoelectron line(s) for Bi:<br/>Click on checkboxe(s) and then click on Search button to retrieve data for desired line(s).
Introduction 4d45/2| @ 47572 @4£7/2 |0 4p3/2 O 4s O 5d O 5432 O 5d5/2 O 5p1/2 O 5p32

Search Menu : -
Data Field Definitions | S€arch |

Version Historv

Disclaimer
Acknowledgments
Contact Information
FAQs

Rate Our Products

XPS Home > Retrieve Data for a Selected Element

@ Tnstructions:

® (Check the desired spectral lines and then click on Search button to retrieve data.
¢ (Click on a heading to sort the column.
* To obtain details of the data for any line_ click on the link in the right column

©2012 copvright by the U.S. Secretary of Commerce on behalf of the United States of America. All rights reserved.

Distributed by the Measurement Services Division of the National Institute of Standards and Technology (NIST) Material Measurement I aboratory (MML}. NIST is
an agency of the U.S. Depariment of Commerce

LK

JIANGSU UNIVERSITY
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5. BAER (SEHIZ "4f7/2" RY BE)

LK

JIANGSU UNIVERSITY

Bi 4£7/2 BiF3 160.80 Click
Bi 47712 Bi2(S04)3 H20O 161.20 Click
Bi 4£7/2 Bil3 15930 Click
Bi 4£7/2 Bi2(MoO4)3 15950 Click
Bi 4£7/2 Bi2(MoO4)3 159.70 Click
Bi 4772 Bi203 158.60 Click
Bi 4£7/2 Bi20O3 158.70 Click
Bi 44702 Bi203 159.30 Click
Bi 4£7/2 Bi203 15880 Click
Bi 4£7/2 Bi203 15980 Click
Bi 4£7/2 NaBiO3 15910 Click
Bi 4£7/2 BiSbO4 15920 Click
Bi 4£7/2 BiO4V 159.00 Click
Bi 44771 BiZMoO6 158.30 Click
Bi 4772 BiZMoO6 159.60 Click
Bi 44702 Ti2B1207 159.70 Chck
Bi 4£7/2 Bi2Cs209 159.60 Chck
Bi 4711 BilMo209 15980 Click
Bi 4£7/2 BiOCl 159.90 Click




U 5. oUEIE @

R

® HANFERIRIE? AMtTAEEH I TRREKIE?

1 XPS MELZASEFSAE, BT EFINESEATMEARIEF4MNE,
FEERERAHMEFSIR, XMINSIRA EMN" . EALGERE
mrE I —FaEER Vs, NWEFINEE—ERE(ERA, IR
BaiEeeEaFE, FEENENESEERERSLE, ENNERIRE.
ER XPS NMIE4RSINeEF ST, EEXIEEBRNFTS [EARERITIKIE

(B RIERYERY) | FRZA "FEBRIE" .

® Y{ANHITRIFERIIE?

SEERN, MI—HERAI SRR C 1s fEAEEIESBHTROE, LINEE
F1&#2{8(284.8 eV) Z E/EREREE(A)FFIDETEMITENESEE,
BE{E(E: 1) REVETEBRREE: C EEAIVTVEIERI(—RRSRH 284.8 eV)-iC
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a) Adv. Energy Mater. 2014, 4, 1300896
b) Adv. Mater. 2013, 25, 2051
c¢) J. Phys. Chem. B 2003, 107, 1798
d) Appl. Phys. Lett. 1996, 68, 2699
e) Phys. Rev. B 2014, 89, 035202
f)  Nat. Mater. 2012, 11,76
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1. Band gap energy (E,): DRS, (ahv)'n = A(hv - E,) 1000
2. Fermi level edge (E;), Inelastic cutoff edge(E.), Work

function (¢): UPS
E: - Ec+ p=hv=21.22 ¢V

¢=21.22 eV+ 6.22 eV - 21.7 eV=15.74 eV

So the energy difference between Fermi level (Ey) and
vacuum energy level of the samples is 5.74 eV.
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3. Valence band maximum(VBM): XPS
EVBM= 5.74 eV + 0.39 eV=6.13 eV

4. Conduction band minimum(CBM):

_ VB XPS
E, =Eyvgm—Ecsm

5. -(CBM +4.5) V vs. NHE
(VBM +4.5) V vs. NHE

a) Adv. Energy Mater. 2014, 4, 1300896
b) Adv. Mater. 2013, 25, 2051

c¢) J. Phys. Chem. B 2003, 107, 1798 0.39eV~_ _
d) Appl. Phys. Lett. 1996, 68, 2699 . . .
e) Phys. Rev. B 2014, 89, 035202 20 15 10 5 0 -5
f)  Nat. Mater. 2012, 11,76 Binding Energy (eV)
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