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Nanoparticle Technology

ShieeCterization methods

Nanomaterial characterization methods

Structural characterization Chemical characterization
X-ray diffraction Optical spectroscopy
Small angle X-ray scattering UV-visible spectroscopy
Electron microscope FT-IR spectroscopy
Scanning electron microscope Raman spectroscopy
Transmission electron microscope Electron spectroscopy
Scanning probe microscope Energy dispersive spectroscopy
Scanning tunneling microscope Electron probe micro analyser
Atomic force microscope Electron energy loss spectroscopy
Gas physical and chemical adsorption Auger electron spectroscopy

X-ray photoelectron spectroscopy
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Nanoparticle Technology

Classification

Spectroscopy In/Out Incident energy Information
X-ray photoelectron spectroscopy In: X-ray 1~ 4 ke Chemical states
(XPS) Out: electron Composition

UV photoelectron spectroscopy In: UV photon _

(UPS) Out: electron 5~500eV Valence band
Auger electron spectroscopy In: electron 1~5 ke Depth profile
(AES) Out: electron Composition
Inverse photoelectron spectroscopy | In: electron 5 :

(IPS) out: photon 8~20eV Unoccupied states
Electron energy loss spectroscopy | In: electron 1-5eV Vibrations

(EELS) Out: electron
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Nanoparticle Technology

123
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Photon Source ' kinetic energies
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X-ray photoelectron spectroscopy
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Nanoparticle Technology

SISTORYA0TOX=TaY [0 toelectron spectroscopy (XPS)

Heinrich Hertz (1857 ~ 1894)

Incident Light

AN
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e,
electrons

+ ANODE CATHODE -

In 1887,
Heinrich Hertz discovered photoelectric effect, but could not explain.
“Ionization occurs when matter interacts with light of sufficient energy.”

Albert Einstein (1879 ~ 1955) light

electron Q@

A\
\

metal

Albert Einstein received the Nobel Prize in Physics (1921) for his “services to
theoretical physics™, in particular his discovery of the law of the photoelectric
effect, a pivotal step in the evolution of quantum theory.
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SISTORACTXET N photoelectron spectroscopy (XPS)

Kai Seigbahn (1918 ~ 2007)

Precision Method for Obtaining Absolute
Values of Atomic Binding Energies

CARL NorDLING, EVELYN SokorLowski, AND KA1 SIEGBAHN

Depariment of Physics, University of Uppsala, Uppsala, Sweden
{(Received January 10, 1957)

E have recently developed a precision method of
investigating atomic binding energies, which we
believe will find application in a variety of problems in
atomic and solid state physics. In principle, the method

Nobel Prize in Physics (1981)

COUNTS /100 sec
5000

CuK{Mo Kaxy)

I——:ns.: .v——A—l

4000 CuK{MoKuxy)

2000

wis 8.30 3 [T [V [A3 a5 kev

308 309 310 3 2 113 Gauss em
04 4,06 o8 410 amp

Fi16. 1. Lines resulting from photoclectrons expelled from Cu
by Mo Koy and Mo Ka: x-radiation. The satellites marked
D.E.L. are interpreted as due to electrons which have suffered a
discrete energy loss when scattered in the source.

(His father, Manne Siegbahn, won the Nobel Prize in Physics in 1924 for development of X-ray spectroscopy.)
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Nanoparticle Technology

ecanwe do with XPS?

1. What elements are present in the surface region.

- Different elements have different binding energies of the inner (core) levels.

2. Often, also the chemical state of the elements can be determined,

- ex) Al-metal can be distinguished from Al-oxide.

- The exact binding energy of a core level depends on the chemical state. Chemical shifts.

3. The surface geometry can be qualitatively determined.

- Using diffraction effects and/or the chemical shifts of the binding energies (and imagination)
4. The band-structure of the solid can be measured.

- Measuring the emission from the valence band in an angle resolved manner

5. Chemically sensitive microscopy is possible.

In other words, chemical composition, geometrical structure and electronic structure can
be analyzed by XPS measurement.
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Nanoparticle Technology

Hydrogen Oxygen
(valence = 1) (valence = 2)

4 M shell
3 § M Shell
E "‘x\ \ \ L Shell

! \ \1 \1 \ K Shell s
o Postiey H: e
/ Nucleus Nitrogen Carbon
K (valence = 3) (valence = 4)
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BNERgyAleVelsiconduction and valence band

Conductors (metals)

Conduction band

o orm - =———1 (electron empty)
Valence shell —4—— . Ll Overlap
—h
—A——
GOr T N .3 _ Valence be}nd
A (electron filled)
—A——
Number of _ _ _ _
atoms (N) N=1 N=2 N =10 N =
12
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BNERgyAleVelsiconduction and valence band

Semiconductors

Conduction band

o orm - (electron empty)
Valence shell —4—— . Ll Small band gap
—A——
—A——
GOr T N - _ Valence ba}nd
— A (electron filled)
—A——
Number of _ _ _ _
atoms (N) N=1 N=2 N =10 N=w
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BNERgyAleVelsiconduction and valence band

Insulators
*orm = _ Conduction band
¢ T - — (electron empty)
A
Valence shell —4—— . Ll Large band gap

_4_*_
_++ _ ————

6 Or 1t N — = _ Valence ba}nd
— — (electron filled)
_++

Number of N=1 N =2 N =10 N = oo

atoms (N)
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BNERgyAleVelsiconduction and valence band

Valencf Orbit Direction of Current—

Conduction Band

Large 'band gap'
btherlap I | between valence and
etween valence an conduction bands

conduction bands
Conduction Band

Conduction Band Small band gap

Valence Band Valence Band Valence Band

el = 1= e

| Metals | | Semiconductors | | Insulators

- Conduction band: the lowest-energy empty band
- Valence band: highest-energy filled band (which may be only partially filled)
T
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levels)

2s

L band
(1020

levels)
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ENEROVAIEVEISE core level

Silicon
28.0855

Of J

29c29Nn62c22n2
15°25°2p°3s43p ad
3p

3s

2p
2s

1s

Silicon atom

Silicon bulk

Conduction band
Mostly 3s, 3p antibonding
(electron empty)

Small band gap

Valence band
Mostly 3s, 3p bonding
(electron filled)

Core level
2s, 2p band
(electron filled)

Core level
1s band
(electron filled)
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rerenl lavel

Conduction band
(electron empty)

Fermi level
(at absolute zero, 0 K)

Valence band
(electron filled)

Conductors Semiconductors Insulators

Fermi level is the highest energy level of electron in valence band at absolute zero (0 K).
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Vectitmevelland work function

A E Period | Element Work Function by eV Group
2 Boron ~4.5
Carbon 4.5-5.0
Vacuum level  p-omommmmmmmmosmmooo oo oo 5| Auminm 4045
4 Vanadium 4.0-4.5
Chromium 4.5-5.0
Iron 4.0-45
. Cobalt 4.0-45
Conduction band N Cus
C r 4.0-4.
(electron empty) Zine 4045
Germanium 4.5-5.0
Arsen.ic 5.0-5.5
Fel‘mi Ievel Band gap Selenium 4.5-5.0
------------------------------------ 5 Molybdenum 4.0-4.5
(at absolute zero, 0 K) Technetium 40-45
Ruthenium 4.5-5.0
Rhodium 4.5-5.0
Palladium 4.5-5.0
Valence band Sver. oas
H aamium .0-4.
(electron filled) Tin 40-45
Antimony 4.0-4.5
Tellurium 4.5-5.0
6 Tantalum 4.0-45
Tungsten ~4.5
. Rhenium ~5.0
Semiconductors Osmium 4550
Iridium 3.5-0
. . . ] o . Platinum 5.5-.0
In solid-state physics, the work function is the minimum thermodynamic oy o0
work (i.e. energy) needed to remove an electron from a solid to the ead e
vacuum level immediately (outside the solid surface). Polonium 4550
o
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S hv+A— At +e Photoemitted electron

i E
Silicon
28,0855 ] ----------------------------------------------------------------- Free electron energy level

I Kinetic energy (KE, 0.5 mv?)
----------------------------------------------------------------- Vacuum level

1522522p53523p?

Conduction band
Mostly 3s, 3p antibonding
(electron empty)

Band ga .
———————————————————————————————————— g —p—————————————————————];—- Fermi level

Valence band
Mostly 3s, 3p bonding
(electron filled)

Core level
2s, 2p band
(electron filled)

Electron Binding energy (BE)

Core level
¥ _.  1sband
(electron filled)

hv=BE + ® + KE
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Z Gamma-rays

7 £ X-ray
v Electrons always emitted

Vs Electrons always emitted

Infrared , Visible / Ultraviolet
No electrons emitted 7 Electrons emitted

4 depending on the surface material /4

Sample surface

1 kilometer 1 meter 1 milimeter 1000 nanometer 1 nanometer
10°mt 10°mt 10°mt 10°mt 1012

Microwave X Rays Cosmic rays

Infrared Rays Ultraviolet Gamma
(IR) Rays UV Rays

VA l/VU\
Long Wave Short Wave

Visible Light
Infrared

Rays UV Rays

700 nanometers 600 nanometers 500 nanometers 400 nanometers
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p E - -~ L

Inelastic mean free path (IMFP)

Electrons ejected from depth

Electrons created deep in material scanner and
eventually recombine with holes

- The inelastic mean free path (IMFP) is an index of how far an electron on average travels through a solid before
losing energy.
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p)! = I o o= - ..".‘.\ +

Inelastic mean free path (IMFP)

I, = electron intensity at the surface
| =] e—d//l I, = electron intensity emitted at a depth d below the surface
s 0 d = depth
/. = inelastic mean free path

“Universal curve” for IMFP

101 3 ' R ! R
14 1
T — A :E_23 +0.054 -V E ] - Sampling depth is defined as the depth from which 95 % of all
c 1 photoelectrons are scattered by the time they reach the surface (34).
a - Most 2’s are in the range of 1.0 ~ 3.5 nm for Al Ka radiation.
E 10° | - The sampling depth (34) for X-ray photoelectron spectroscopy
- . under these conditions is 3 ~ 10 nm.

i Lo - ol
10! 10° 10°
Electron energy (eV)

N
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Typical X-ray photoelectron spectroscopy (XPS)

Electron Analyser

’:—'b elactron
I lenses
(variable V)

X-Ray Source

%ﬁ% 3

eleciron
multipliar
detector

switchable anodes T Sample
(thermanic emission — (grounded)
electron source)

Computer Readout

1. Sources

- X-ray: aluminum (1486.6 eV) or magnesium (1253.6 eV)
- Vacuum UV: He(l) (21.2 eV), He(ll) (40.8 eV)
2. Sample size: centimeter scaled area
3. Chamber: ultrahigh vacuum (< 10-8 Torr or <10-11 atm)
4. Electron analyzer: kinetic energy measurement
5. Detector: electron multiplier
o ——
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X-ray generation

Wilhelm RoOntgen (1845 ~ 1923)

Anode

/ .
Vacu“m

Energy and line widths of available anode materials.

Anode Radiation Photon Energy (eV) Line Width (eV)
Mg Ka 12536 0.7
Al Ka 1486.6 0.85
Zr La 2042 4 16
Ag La 20843 26
Ti Ka 45109 20
Cr Ka 5417 21

- X-rays can be generated by an X-ray tube, a vacuum tube that uses a high voltage to accelerate the
electrons released by a hot cathode to a high velocity.
- The high velocity electrons collide with a metal target (the anode), creating the X-rays.
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INISERUIMment

Electron analyser

mv? 2KE = 2eAV

r r ( 1 1 ] 9 F = force
———r q = electron charge
S E = electrical fields
m = electron mass
eAV v = electron velocity
KE=—-——<— r = trajectory radius (i: inner, o: outer)
1 _ i V = voltage
6
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ERMICADXPSISpectrum includes. ..

1. Wide scan spectrum provides the information of core level, valence band and auger
electrons.
2. Sharp peaks due to photoelectrons created within the first few atomic layers (elastic)
- e. g.) core level spectrum
3. Multiplet splitting occurs when the unfilled shells contain unpaired electrons.
4. A broad structure due to electrons from deeper in the solid which are inelastically
scattered (reduced KE) forms the back ground.
5. Auger peaks produced by X-rays
- €. g.) transitions from L to K shell: O KLL or C KLL

27
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Gold XPS wide scan spectrum s | AUITY
Monochromated Al Kot
s 7
DO R - s e
Photoelectron | 4s | 4p,,, | 4ps, | 4d;, | 44, 55 | 4f, |4f, |5f, |5ps, 6s § SR=== g0 HHHHE  arHHHHNNY
Peaks ss seHbN  4q HEHRNE
Binding 763 | 643 | 547 [ 333 335 110 | 88 84 74 57 sl apHHH 34 Hiinbi
energies
3s ﬂ 3p ﬂﬂﬂ '
Auger Peaks Ng7045045 | NsNgNg7 | NyNgNg7 | NsNg7V 2p
Binding 1416 1342 1324 1247 28 ﬂ Hﬂﬂ
Energies
1s ﬂ

NN 4s ~ 5p orbitals 4din

3d3/2 3d5/2
]
2291 2206  ------ 1400 12150 1000 200 600 400 200 fil |
Binding Encrgy (eV) Valence bandi Conduction band 1
‘ ‘ : |
Il 1
Il 1
(| T 1
Il 1
Il 1
Il 1
(| 1
3d 4s 4p 4d 5s 4F5p 1 I
l | |
Core level Fermi level Vacuum level
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NI SISPECTRUM: Wide scan

Background: emitted photoelectrons with energy loss

x10

Au 41

60]  Name Pos. FWHM  Area At%

1  Auds 761.46 8.935 212006.0 16.64
{  Audpl/2 642.44 8.006 235527.0 16.74
50] Audp3/2 546.00 5900 6282373 16.75

{1  Audd 334.84 4.583 19457998 16.43
] Audf 83.71 1.660 1501408.0 16.56
40] Au5p3/2 5690 6.018 927281 16.88

Aundd

— Carbon
— Aluminum
Copper
Silver
— Gold

Audp3/2

(=]
Eu 5p3/2

Inelastic Mean-Free Path(nm)

T I T T T I T T I T T T I T T T I T T T l T T T I T T
1200 1000 800 600 400 200 0
Binding Energy (eV)

Inelastically scattered photoelectrons

T T
0 500 1000 1500 2000 2500 3000
Kinetic Energy (eV)
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Gold XPS wide scan spectrum i . . . .
S «| | Spin-orbital splitting
du R R EE n (quantum number) I=0(s),1(p),2(d),3()

nger Peaks No7045045 | NsNeNe7 | N4NeNe7 | NsNe7V-
ing 1416 1342 1324 1247

n Ij 4f5/2 S=1/2 S=-1/2
AN A2 ;

j=1+8S j=3+12 j=3-12
i=1-s
_‘E L
§ 300 L Audf_ | /=1 p =2 d /=3 ;
5 | Aty ~ "\ /~ /~ \\
T o} l
& | P Pas Ay dgo fep i
E 100 L _ §=-1/2 S=+1/2 §=-1/2 S$=+1/2 §$=-1/2 S=+1/2
= Area ratio Area ratio Area ratio
1 : 2 2 : 3 3 : 4
0k
00 & %0 B85 s 0TS 0
Binding energy | eV XPS: “soft” x-ray photon energies of 200-2000 eV for analysis of core levels.
30
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ctruim: core level

Core level binding energies depending on atomic number

1400
1s 2s f 2

1200 - /.’ P

1000 -
< 3s
d
S 800 -
= . 3p
LU
2 600 -
E . 3d
m

400 4

200 4s

0 wu M 4p
0 5 10 15 20 25 30 a5 40 45 50

Atomic Number

L
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Gold XPS wide scan spectrum 4 Gas | Emission Line | Energy (eV) | Wavelength (nm) Au: 79
Monochromated Al Ko .
H Lyman a 10.20 121.57
Photoelectron | 4s | 4p,, | 4py, |4dy, |4dg, S5s | 4f, |[4f, |[5f, |Sps,
:al; 763 | 643 | 547 353 335 110 | s8 84 74 57 Lyman B 1209 102.57 7s = ARpi=ns 6d ————m OF mrreme el
inding s s L s
cnersies He |1a 21.22 58.43 6sf P saHHHHE  arHHHHHHHE
oo Peaks | Not00m | NNy | NNy | NV 16 23.09 53.70 ss spHREN  4a S
Binding 1416 1342 1324 1247
Encrcs i 1y 23.74 52.22 T HHH  saflitian
NNN
: 2 40.81 3038
3p i
2B 4837 25.63 3s Rt
2y 51.02 24.30 28 2P HHH
1400 Ne |1a 16.67 7437
1a 16.85 73.62
1s ﬂ
1p 19.69 62.97
1p 19.78 62.68 T
2a 26.81 46.24 1522522p83523p630/104524p5 4010552564 {145 1061
e 2a 26.91 46.07
-g 2B 27.69 4479
P 2P 27.76 4466
S 2p 27.78 4463
%‘ 2p 27.86 4451
c
2 3045 4071
9 Y
= 2y 30.55 40,58
Ar |1 11.62 106.70
1 11.83 104.80
2 13.30 93.22
R R i e e P TR R S R 2 13.48 91.84

14 12 10 8 6 4 2 0

Binding Energy (eV) UPS: vacuum UV energies of 10-45 eV for analysis of valence electrons
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‘ ] Wavelength
IURUESISPECTRUME Valence band Visible: 400 ~ 750 nm
Ultraviolet (UV): 200 ~ 400 nm

Vacuum UV or Far UV: ~ 200 nm

Vacuum UV or Far UV (4<190 nm) A Excited State

/\\ - . ] n o (anti-bonding) A
> O I

| B+

Jt*(anti-bonding)

n (non-bonding)

increase in orbital energy

ENERGY
=
1
Y
A
L ]
A
—
4
*
3
¥
a
*
A
v
Q
*
Q
1
*

A
n (bonding) fGround State

UV/Vis

o (bonding)

6 — ¢ transitions

1. An electron in a bonding s orbital is excited to the corresponding antibonding.

2. The required energies to these transitions are very large.

3. Methane shows an absorbance maximum at 125 nm which is not seen in typical UV-visible spectra.

n — 6" transitions

1. Saturated compounds containing atoms with lone pairs (nonbonding) are capable for these transitions.
2. These transitions usually need less energy than ¢ — o™ transitions.

3. They can be initiated by light whose wavelength is in the range of 150 ~ 250 nm.
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Valence region
Au metal
o)
; A E
z
g
~
l'l'l'l’l'lL‘l,‘l\\ ! )
- PN A o Conduction band
< o (electron empty)
-7 N o
e N o O
- So - N
T . — o | p——
E L
)
o~ I 0 "-_-o-.—;v--....o.. 8
=z L & Valence band
5 08 o (electron filled)
£ S
S 06
>
& i
04 hy=5.89 eV
= 02} Conductors
0.0
aaaalaasals s s tassalaaaatasasdassstaaaslasaatanay

6 4 2 0 -2 -4
Binding Encrgy (mcV)

34




Nanoparticle Technology

Sfe e SUITITTICRY. *electron spectroscopy for

chemical analysis (ESCA)

_— *aka ESCA
Photo-electron Spectroscopy*
Electron Spectrum
1320000
Cu XPS
A 2p3 Survey Spectrum
°
= of Pure Copper
g (Cu)
:] E
2 E 2pl
()
s Cu Cu Auger
y s electrons cu M

ado ! 580 ! 2do
Binding Energy of Electrons (eV)

Usual Analysis
Area and Depth

Top 20 atomic layers
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Step 1.

Step 2:

Step 3:

Step 4:

Binding energy referencing

Background subtracting

Peak fitting

Peak identifying

36
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Binding energy referencing (calibration)

Sample/spectrometer energy level diagram
(conductor)

Free Electron Energy

Vacuum Level, E,

Fermi Level, E, |

E,

8,

Because the Fermi levels of the sample and spectrometer
are aligned, we only need to know the spectrometer work
function, ®spec to calculate BE (15).

Sample/spectrometer energy level diagram
(insulator)

Sample | |

Free Electron Energy

Vacuum Level, E,

Formi Level, £, B0

KR
* I
& BE(1s) e

18

A relative build-up of electrons at the spectrometer raises
the Fermi level of the spectrometer relative to the sample.
A potential E, (surface charge energy) will develop.

BE=hv-KE-®_, -E,

spec ~

37
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Binding energy referencing (calibration)

BE = hy - KE E E.,, can be determined by electrically calibrating
- ch the instrument to a spectral feature.
8000,———————————————————
] Cls = C 1s reference
5 284.3eV 8.6 eV
< 6000
XPS spectrum of Pt thin film: wide scan E,
16000 — T T T @ 4000
- C1s.-~ 5
14000 - i 2
5 | g 2000
;12000 | . © o —
I . Pt 4d o4t S —
[%2] O 1 1 1 1 1 [ 1 1 e
2 10000 - O1ls Pt4p -1 29 294 292 200 288 286 284 282 280 278 [nhttp://srdata.nist.gov/xps/Default.aspx]
8 I N\ X N e Binding energy / eV
® 8000 - <
73] I 3000 T T T T T T T T
@ Pt 4f +0.3eV 4m Black: raw data
8 6000 i :
8 5 20r +03eV €= 1 Blue: calibrated data (+ 0.3 eV)
c <
S 4000 _ g 3 o
© oo} 1 g 1500
0 . I . I . I . I R M % 1000
1200 1000 800 600 400 200 (N g
Binding energy / eV 8 500
\O‘ L L L L L L L L

Binding energy / eV
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Back ground subtracting

Tougaard method Shirley method
(worst) (best)
3000 — 3000 —————————————1——1————— 3000 ———r———————————1——1——1——
Pt 4f L Pt 4f
5 2500 {1 5 2500t 1 5 25001 .
o o 1 © r
@ 2000 {1 & 2000} {1 & 2000F .
© © ©
c c ] c L
3 3 3
o 1500 { g 1500} {1 & 1500} .
1 1 1S
[«5] [«5] 1 [«b] r
o o o
2 1000 {1 @ 1000} { @ 1000} .
c c c
> > 1 > r 1
(@} (@} (@}
O 500 { O 500 {4 O 500 .
0 777 7 0 / Gty 0 Wm/ 727,
82 80 78 76 74 72 70 68 82 80 78 76 74 72 70 68 82 80 78 76 74 72 70 68
Binding energy / eV Binding energy / eV Binding energy / eV

Peak: photoelectrons without energy loss (elastic)
Background: photoelectrons with energy loss (inelastic)
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Peak fitting

(separation)

Using software: CasaXPS, XPSpeak41...

FA D ww e Dy

i L R RS P

DR B0R) nins] sldiofaly] Bl =)
Tix

it

O o a3 €
| /(]88 |l v BT
Cropd

O P

Cmde | CaniselwBes | Duee |

oA mr—m|4om’6hw-[
e s

w0 e

~ Y
[P —— RO e |
Laee. "-""""""“ —_— . l

'KI n L e

Counts per seconds / a. u.

3000

2500

2000

1500

1000

500

0

o

/8 77 16 75 74 73 72 71 70 69

Binding energy / eV
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2
o
I;’

Peak identifying from database

XPS Home @ Available photoelectron line(s) for Pt:<br/>Click on checkboxe(s) and then click on Search button to retrieve data for desired line(s)
Introduction 0 2p3/2 [3d3/2 [3d5/2 T3pl/2 U3p3/2 U3s Udd [4d3/2 U4d5/2 @ 41572 W 4§72 [4p3/2 O 4s 0 5p3.2
Search Menu 3000
T T T T T T T T T
Data Field I I I I I I I I
Definitions

Version History i Pt 4f7/2 ]

Disclaimer
Acknowledements @ Matches from selected element and spectral line(s) search:

Contact Information 2 5 0 0

EAQs [Element Spectral Line Energy (V) Det

Rate OurProducts [Py 452 cis- [PICI(P(CSHS)3)2) 7650
P Bn Pt 7440 Ch s ]
P lBn POT: 7465
P B0 t 7450 Ch
BT [PIC2((CHS)3)2] 76.50 F 2000 - .
P o pt 7423|  Ch
P oo (C6HASA2PHS2C202)2] 7525
P o (C6HAS4)2(CEHASH[PHS2C202)2] 7520 I ]
P B0 02PBT: 7460
P B0 02PBT: 7465 Chek
P B0 02PBT: 7470] _ Cla = _
P o [PH(C32H16NS)(CLO405 7660 Ch 1500
P oo N(C2HSM[P{(52C200)2] 7535
TR Pi(C32HIENS) 76.60 | i
TR PuN: 7450
TR P 7455 Click
P Bn PN 7445 Chel
P Bn PN 7440 Ch 1000
P lBn PN 7450 Ch
P B0 P 7455 | i
P oo P 7455
P o [PH(NH2(CH2)2NH(CH2) 2N 1 7820
P oo [Pt(NH2(CH2)2NH(CH2)INH2)CIICL 7660 C 500 X |
P o [Pt(NH2(CH2)2NH(CH2)2NH2)CN]L 7780 Ch o
P B0 [Pt(NH2(CH2)2NH(CH2)2NH2)NO3]NO3 7630 T
P B0 [Pt(NH2(CH2)2NH(CH2)2NH2)NO2]I 7790 )
P B0 [PO(P(C6H5)3)4SSCHCI2IPEG 76.00 N
P o [PHHTNa41(AI02)36(5:02)136 7520 o S
P oo [PO(P(C6H5)3)4SSCH3]L 76.00 0 . / . / /
TR [P(P(COH5)3)452Cu) (m-dppD] [PFE12 7600] ¢
TR [(PH(P(C6H5)3)25) Ha(COHS) PCHICHIP(COHS) )JPF6)2| 76.10]  Click
TR [(P(P(C6H5)3)25)2Ni(C6HS) )P CHACHIP(CEHS)2)]|[PEG]2 7630]  Click 78 77 76 75 4 73 72 71 70 69
P Bn P2 7750]  Click
P lBn [(PHP(CE)3129)2] 7550]  Chek

Binding energy / eV

[http://srdata.nist.gov/xps/Default.aspx]
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Nanoparticle Technology

Cherniez bSallie

Electronegativity effect

carbon-carbon bond

Carbon atom

——————————————————————————————————— Fermi level

Valence band e bind
2s, 2p bands s binding energy
1s band
Electron-nucleus
separation
Carbon nucleus -------------- ‘ _________________

carbon-oxygen bond

Oxygen atom

T Eiéctronegativiy f e level
Valence band
2s, 2p bands
1s binding energy
S ——
1s band
Attraction Electron-nucleus
separation
Carbon nucleus -------------- ‘ -----------
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Nanoparticle Technology

Electronegativity effect: example

Functional C 1s Binding

Group Energy (eV)
hydrocarbon C-H, C-C 285.0
amine C-N 286.0
alcohol, ether = C-O-H, C-O-C 286.5
Clboundto C C-Cl 286.5
F bound to C C-F 287.8

Carbﬂnyf Q=O 288.0 H o Electronegativity Values

2.20 for Some Elements

— —
0.82 81 218

o
g5 ¢
ﬂ

ﬂ




Nanoparticle Technology

Electronegativity effect: example (polymethylmethacrylate)

1
1 2t ¢Hs
-[CH,-C]- -[CH,-C]-
(I3=O (|3=01
¢ 20
4 CH, CH,

O 1s

292 290 288 286 284 282 538 536 534 532 530 528
Binding Energy (eV) Binding Energy (eV)
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Nanoparticle Technology

Chl

(1

Electronegativity effect: example (Al oxide)

Al(2p) . Oxide thickness = 3.7 nm
aluminum .
7 oxide - aluminum
R __-metal
- f
k.
‘.-°. P BT, oy
o bv . - o OO - »
== T e N T et
85 80 75 70 65
Binding Energy (eV)
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Nanoparticle Technology

Lattice strain effect

Expansion Compression
Film (Cr) becomes more electron poor. Film (Au) becomes more electron rich.,
) <
¢ > Film (Cr) Film (Au)
J VoI YIPY  a=02010nm , , , ) a=0.4078 nm
Substrate (Cu) Substrate (Cu)
a=0.3615nm a=0.3615 nm



Nanoparticle Technology

@lleliiication

I,: intensity of i element = (electron/volume)(volume)
I, =(N,0,JT)(a4, cos9)

Jpeam l; Sample dependent terms

- N;: number of atomes (#/cmd)
a;: photoelectric cross-section (cm?)
Z;: inelastic mean free path (cm)

Instrument dependent terms
J: X-ray flux (#/cm?-s)
T: analyzer transmission function
a: analysis area (cm?)
0: photoelectron emission angle

By assuming the concentration to be a relative

ratio of atoms, instrument dependent term can be
neglected.

N =I/cTA=11S

Relative sensitivity factor S;:=f (a;, T, 4;)
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Nanoparticle Technology

Relative sensitivity factor (RSF)

N.=1L./ocTA=1I1S Relative sensitivity factor S;:=f (g, T, 4;)

Relative Sensitivity

12

3d

4f

4d

——————

1s

y:

/ o’
LM#IIIIII‘ﬁ‘I‘IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII

Li BN FNaAl P Cl KScV MCoCuG AsBrRbY Nb TcRhAgIn Sb | CsLa Pr P EuTbHo T LuTaRe Ir AuTI Bi
Be C ONeM Si S ArCa Ti CrFe Ni Zn G Se Kr Sr Zr M RuPd Cd SnTe XeBaCeNd S G Dy ErYb Hf W OsPt Hg Pb

Elemental Symbol
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Nanoparticle Technology

3 3
x10 x 10
35 o 353 N
] L] ] o
30 & 30 ~
: S : S
& 25 o 25 = Area
. . & 40871.9
2203 & 20 5
£ £
10 CuLMM 10 Cu LMM
5] 51
L B L L L L
590 580 570 590 580 570
Binding Energy (eV) Binding Energy (eV)
Cr 2p,;, RSF: 3.60721 Cr 2py, RSF: 6.9697
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Nanoparticle Technology

Example: Cr 2p spectrum
3

x 10

Total area: 60098.5
Cr 2p RSF: 10.6041

[
Fl
Cr 2p 372

Area

Area 40871.9

19234.8

Intensity ( CPS)
-
Cr2p 1/2

10 Cu LMM

590 580 570
Binding Energy (eV)
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Nanoparticle Technology

'Ju:1lﬁl3
: Mame Pos. FWHM Area At% RSF
zu_‘ C1s  285.00 2.178 5676.12 32.7 C 1s:1.01548
] O1s 533.00 2.861 4586.44 9.0 & O 15:2.97535
{ si2p 100,00 2.135 8279.31 58.3 & Si 2p: 0.82965
15 L
o (%]
=
(&)
= w
w 10 -
S =
=
5
L] L] L] I L] L] L] I L] L] L] I L] L L] I L] L L]
1000 800 600 400 200 0

Binding Energy (eV)
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Nanoparticle Technology

Angle-resolved XPS: overlayer film vs. alloy

More Surface
Sensitive

0 =75°

/

Less Surface
Sensitive

¢ =0°

«

on

DIIIIIIIIIIIIII
DIIIIIIIIIIIIII
DIIIIIIIIIIIIII
DIIIIIIIIIIIIII
DIIIIIIIIIIIIII
DIIIIIIIIIIIIII

alloy

000000000000009
000000000393999
000000303233399
000000000323399
000000003232399
000000030333999
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Nanoparticle Technology

Angle-resolved XPS: Si with native oxide
O 1s ;
Si 2p | o
sizs | €=0° |
Si 2p
', s o | " |
A . ,,w"'., Si oxnde l ‘
W i) N i B )‘JY [ \
l] s 1
| [ i ) T | vv‘vvr'Tvv“T‘"‘ varva r|]r11] t|]'7 ™
1000 800 600 400 200 0 108 106 104 102 100 98 96 94 92
Binding Energy (eV) Binding Energy (eV)
O 1s ;
Si 2p ||g| S0
= 0 : .
6=75 Si oxide f |
"’hty /
[ |
| : f |
M \ C 1s5i2s . | | l
|/ e .'SI 2p o
e Y sl &
. — — — — — L L AL AN R rr}VIV'F77'1“'1_?7”‘;}'"'1“1
1000 800 600 400 200 O 108 106 104 102 100 98 96 94 92
Binding Energy (V) Binding Energy (eV)




Nanoparticle Technology

1 Si wafer

UCP OTS | Anneal

OoTS
2
Spin-coat Pt
complex | Heat
200 um
5 Cross-correlated, low-magnification

XPS image after step 3 for the Pt 4f;,
(shown in orange) and C 1s (shown in
blue) core levels measured at 74 and
) 285 eV, respectively. The image

PSi confirms the selective deposition of

R A— the Pt-complex in the OTS-free areas
- w- -
. -1\'-HJ

of the substrate.
Y. Harada, X. Li, P. W. Bohn, R. G. Nuzzo, JACS, 123, 8709-8717 (2001).

Etch

/ Si2p

il T
ST LT T A O A Y [T ]“‘V"ruL“

Si2s

C1s |

|
PP N

J
wIptaf

1000 800 600 400 200 0
Binding Energy (eV)

Pt 4f

78 76 74 2 70 68 ©66 ©4
Binding Energy (eV)
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Nanoparticle Technology

Thin overlayer film thickness calculation

1 -

on oot SI 2p spectra &
JJJ)JJJJJJJJJJJI 2o
FFFFFFFFFF TNy B s
009000900 9090990090J § ol
00900090090 0090009J 03
FFFFFFF NNy y 2|
FFFFFFFFFFFrrry Al

108 106 104 102 100 98 96
Binding Energy (eV)

Beer-Lambert relationship

Izloexp(— d j d, =4,c0s8In 1+M
Acosé (1g/Sg)
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Nanoparticle Technology

Ir thin overlayer film on Au substrate Thin overlayer film
Analyzing depth

Pl Aud [ e e e e e
N s
CCPPPerrered)

SIS

Rece

Thick overlayer film

Analyzing depth

Intensity x 10" / CPS

.

92 88 84 80 76 72 68 64 60 56 Jd
SIS IIIIISIISIIII

Binding energy /v S,
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Nanoparticle Technology

Ir thin overlayer film on Au substrate

3.5 1

w
o
|

(1 /S,)
d =4 cos@ln| 14+t S/ °
' ' |: +(IAU/SAU) /

2.5 1
2.0 1

1.5 1

1.0 5

0.5 1

Ir overlayer thickness / nm

0.0 1

Number of deposition pulses / #




Energy dispersive spectroscopy

O} glrm
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Nanoparticle Technology

Photons
(cathodoluminescence)

Secondary .
electrons

\
Characteristic >~ __
X-rays

Absorbed

|
electrons || H'H HIH; ””\ e

Transmitted and diffracted
X-rays

Incident
electrons

Backscattered
electrons

Absorbed
X-rays

Transmitted and diffracted
electrons
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Nanoparticle Technology

Characteristic X—Ray

N Shell
\
M Shell

\

L Shell \
\

@ —K Shell -

Energy of characteristic X-ray line
= Efinal - Einitia




Nanoparticle Technology

Wavelength 2 (nm)

20.0
10.0
5.0

1.0
0.5

0.1
0.05

0.02

| llllllll

1 I'll'll

1 l'll’l'

,_
B

=
Q

1 L lllllll

/

A llll‘l A1 L A llllll

1 L lllllll

L lllllll

N
=

5 10 50 100
Atomic Number Z

A= B >
z-c)
:>/loc%

A: wavelength of characteristic X-ray
B, C: constant
Z: atomic number
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Nanoparticle Technology

Electron beam energy effect

10 keV

Interaction volume in iron (Fe) as a function of electron beam energy.

62



Nanoparticle Technology

Atomic number (2) effect

20 keV 20 keV

0.5 um

Carbon A-shell Iron K-shell Silver L-shell Uranium AM-shell

1
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Nanoparticle Technology

et

Atomic number (2) effect

Small atomic number Large atomic number
. pear shape : sphere shape
E
2 20 kV

dp

cAI K
<:Cu

°Cu L (Al K)
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Nanoparticle Technology

EDS schematic diagram

Electron

Source
Condenser
Electron Lenses
Beam ]
l - Interaction

Volume

Objective Lens ' (p:rlﬁzé:ggﬁa%i?g\s)
| Objective Aperture
Lenses L
Chi teristi
x_[g;'asc ensic EIeoc?rnO?]asry
Viewing
Screen




Nanoparticle Technology

75000
i CuK o
Counts
S0000
25000 Cul
1 A CuK B
0- _"——-‘,—_-_ [T~ Jl
0 2 4 6 g 10
Energy (keV)
GO0
Counts SiK Oxide glass on Cu—grid
S000 3.
4000
3000 1 CaK o
| e IFeK o
.
M,
1000 A gk CaK CuK o
C“Eh_} L ArKa FeKB f\ Cukp
0 LA L] T T T L
0 2 4 6 8 10
Energy (keV)

300000 v
Counts TaM o
250000
200000 1
150000 TaL B,
Tal.
100000 \ﬂ.
Tal o
S0000 TaM v
Wﬁ TaLl
0 R T T T
0 2 6 8 10
Energy (keV)
25000
Counts 1 S Stainless steel
20000
15000
! 1 CrK o
SO0 FeK NEo
i) T T Sy
4 5 7 8 9
Energy (keV)



Nanoparticle Technology

Relative intensity of X-ray line family

Family Approximate intrafmily weights
K Ka=1KB =0.1
L Lae=1LB, =07 LB, =02 Ly, = 0.08 Ly, = 0.03
Ly, =0.03 LI =0.04 Ln = 0.01
M Ma = 1 Mﬂ = 0-6 MC = 0.% MY = 0.05 MHNIV = 0.01
300000 20000 SbL o
Counts TiIKa Counts
250000 1 200000
200000
150000 SbLB,
150000
100000
100000 -
SbLB
i 50000 1
o JU{“ SbLI L\M%Lsﬁw,
% 2 4 6 % 10 % 2 8 10
Energy (keV) Encrgy (keV)
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Nanoparticle Technology

Overlapping problem

Interfering Interferes X-ray line
Element x-ray line with interfered with

Ti Kp \% Ka
A% Kp Cr Ka
Cr Kp Mn Ka
Mn Kp Fe Ka
Fe Kp Co Ka
Pb Ma S Ka

Mo La
Si Ka Ta Ma
Ba La Ti Ka
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Nanoparticle Technology

Overlapping problem

Element in X-ray line
stain or Interfering interfered
fixative x-ray line Interferes with with

U M K, Cu, Ti Ka

Cd, In, Sn, Sb, Ba La

Os M Al P, S, Cl Ka

Sr La

Pb M S, Cl Ko

Mo La

L As, Se Ka

Ru L S,CLK Ka

Ag L ClL, K Ka

As L Na, Mg, Al Ka

Cu (grid) L Na Ka
Biological elements

K KB Ca Ke

Zn Lo Na Ko

T ———
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Nanoparticle Technology

Weak peak intensity

FeK o

Solutions
Peak overlapping
300
0 ] total spectrum
Counts | OKf -~ !
1000 - \P 200 1
Crl.
500 - 100
] Fel
0 v - 0
0.0 0.2 0.4 0.6 0.8 1.0 5.
Energy (keV)

Peak deconvolution

70

7.0 7.5 80
Energy (keV)

Increase analysis time



Nanoparticle Technology
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Nanoparticle Technology

£inmples j

Line scanning




Nanoparticle Technology

- Composition -




