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Scanning Tunneling Microscopy

The tungsten probe of Silicon atoms on Si (111) surface of a silicon single
a scanning tunneling microscope. crystal form a repeated pattern (produced by STM).
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Growth Characteristics — Silicon (001) Surface

Characterization for Nanostructures Bp

FIGURE 1. A SCANNING tun-
neling microscope image of a
silicon (001) surface after the
deposition of a small amount
of Si at room temperature. The
image shows two single-layer
steps (the jagged interfaces) sep-
arating three terraces. Because
of the tetrahedral bonding con-
figuration in the silicon lattice,
dimer row directions are
orl:}logonal on terraces joint‘d
by a single-layer step. The area
pictured 1s 30 X 30 nm.
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The Si1(001)-(2 x1) Reconstruction

Unreconstructed Si(001)-(1x% 1) surface.

- Si atoms of the topmost layer highlighted in orange.

- These atoms are bonded only two other Si atoms,
both of which are in the second layer (shaded grey).

Reconstructed Si(001)-(2x 1) surface.

- The Si atoms of the topmost layer form a
covalent bond with adjacent surface atoms.

- Drawn together as pairs.

Z. Zhang et al. (Oak Ridge National Laboratory)
Annual. Rev. Mater. Sci. 27, 525 (1997).

http://www.chem.gmul.ac.uk/surfaces/scc/scatl_6a.htm
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Survey of Analytic Techniques

Electron Method

Electron

Backscattered Secondary Electrons
Auger Electron (SEM)
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X-Ray ; ;
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Transmission N _
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Loss (EELS) Transmission

(TEM)
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Electron Method

« SEM (Scanning Electron Microscopy):
The surface of solid is swept in a raster pattern with a finely focused beam of
electrons: physical nature and chemical composition of the surfaces.

« TEM (Transmission Electron Microscopy):
TEM is used to obtain nanostructural information by diffraction and imaging from a thin
specimen (thin enough to transmit electrons).

* EDS (Energy Dispersive Spectroscopy):
A specimen, excited by the incident electrons, emits the energy released by one of the
higher level electrons coming down as a characteristic x-ray (i.e., sSame as in an x-ray
tube). A dedicated instrument for chemical analysis with EDS is an electron microprobe
(EPMA). EDS is often used in conjunction with SEM and TEM.
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Electron Method

» AES (Auger Electron Spectroscopy):
A specimen atom, excited by the incident electron, emits some of the energy by
one of the higher level electrons coming down, by emitting a second electron with
a characteristic energy. This is a surface analysis technique.

* EELS (Electron Energy Loss Spectroscopy):
The characteristic energy losses of the incident electron beams penetrating through
a film or reflected from a surface can give important information on the nature of
the solid and the relevant binding energies.
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Scanning Electron Microscopy

- Incident beam of high-speed electrons (20 keV).
- Energetic electrons in this beam cause the emission of
low-energy secondary electrons from the surface.

Beam
ﬂ | r
i Secondary
| / electron detector

Specimen

Specimen

An illustration of how the scanning electron microscope can reveal surface
relief when used with a secondary electron detector.
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SEM Image

An SEM micrograph of a fractured Left side is an image of part of an integrated circuit,
Cu-4.9 at. % Sn specimen. right side is an enlargement of the highlighted rectangle
on the left: (magnification = %850 left, Xx3300 right,
accelerating voltage = 10.0 keV).
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Field-Emission Scanning Electron Microscopy

- SiO, Spherical Particles, APL (2005)

Characterization for Nanostructures Bp http://bp.snu.ac.kr 12



Transmission Electron Microscopy
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Schematic drawing of a transmission The electron beam in an electron microscope
electron microscope. Is focused by magnetic fields.
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High-Resolution TEM

 High-resolution cross-sectional
-+ TEM, showing an experimental

- silicon metal-oxide field effect

- transistor (MOFET). Each white
- blob represents a pair of atom
- columns. The gate is only a few
~ hundred atoms long, and the gate
- oxide is 4 nm thick. Such
- devices, fabricated by a team at
- AT&T Bell Laboratories, have

gate

R Y S A A S U KRR e e L :
o demonstrated intrinsic speeds in
excess of 100 GHz at room
e temperature.

channel

o0

i
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Auger Electron Spectroscopy
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- Si saturated Pt (100) surface, silicide as interconnects in FET, JACS (1999)
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Depth Profile by AES
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Sample : Layer of TiN/TaO/TaN on SiO, film
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lon Method

* RBS (Rutherford Backscattering Spectroscopy):
Through the measurements of intensity and energy of the scattered ions, it is possible
to infer the composition and depth of thin films.

» SIMS (Secondary lon Mass Spectroscopy):
The incident ion beam knocks off atoms from the specimen surface, which are then
analyzed in a mass spectrometry.

* FIM (Field lon Microscopy):
The specimen is made into a fine tip in a local electric field. The imaging gas atoms
are ionized by an individual atom on the tip. The ion travels to the negative side of
the chamber. This was the finest instrument with atomic resolution.

* lon Scattering (or He Scattering):
Diffraction effect to study the surface structure.
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Rutherford Backscattering Spectroscopy (RBS)
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Energy spectrum of 2 MeV “He ions backscattered from a silicon crystal implanted
with a normal dose of 1.2x10% As*/cm? at 250 keV. The vertical arrows indicate the
energies of particles scattered from surface atoms of 28Si and "As.
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Secondary lon Mass Spectroscopy (SIMS)

- Atoms and molecules are knocked (sputtered) out of the target.

- A mass spectrometer, where excited particles or ions can be
separated according to their mass/charge ratio.

- It Is a destructive technigue because the surface atoms have to be
knocked out of the solid.
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Secondary-lon Mass Spectrometry (SIMS)

Incoming ion
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lons are fired into an organic self-assembled monolayer on a gold substrate. The energy deposited
in the surface region from the incoming primary ions produces a collision cascade. This results in

the ejection of a wide range of atomic and molecular fragments, of which about 1% are ions.
Mass analysis of the ejected secondary ions is the key to exploring the structure of the surface.
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Survey of Analytic Techniques: X-Ray

X-Ray Method

Electron (XPS)
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Photon = Electromagnetic Wave

THE ELECTROMAGNETIC SPECTRUM
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X-Ray Method

e Diffraction :
2dsin@=nA

» XPS (X-Ray Photoemission Spectroscopy):
The incident x-ray causes emission of one of the core electrons of the specimen atom.

* Fluorescence:
Specimen atoms, excited by x-ray absorption, emit the energy as a characteristic
x-ray. Used for chemical analysis.

e Tomography:
Differential absorption due to the presence of chemical inhomogeneity, yielding
photographic images of the internal structure of a device.
Used for medical, industrial quality control, and electronic devices.
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X-Ray Method

» Topography:
The lattice distortion can give various diffraction conditions.
A photographic recording of the transmitted radiation reveals the portion of defects.

e Compton Scattering:
Incoherent scattering

 EXAFS (Extended X-Ray Absorption Fine Spectroscopy):
Measurements of the absorption coefficient as a function of incident x-ray energy
show atomic structures due to diffraction of the ejected electron by neighboring atoms.
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Diffraction: Bragg’s Law

Bragg’s Law

2dsing = nA
wheren=1, 2, 3...
A = wavelength

6 = scattering angle

Constructive and destructive interferences

- 2010-10-13 T ———
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General Theory of Di

_— —

dcos@+dcosd = 3 . (nin— L

—_ —s —

With k= k,,— %;, and
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ffraction

)~ | Path difference: n is unit vector.

] = kinl= el=

Reciprocal Lattice
Reciprocal Space
K Space
Scattering Vector
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Constructive Interference

» Assumption: Incoming plane wave + Scattered plane wave.

o
/’i‘”//» Detector
Origin

kin
_,
i
—
kﬁn . incident plane wave vector ‘k‘ ‘:‘k '|: 29
in oLl A

—
A . scattered plane wave vector
Ot

k_> L] - .7 H H
g,(:): A 7 tincident plane wave function
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Constructive Interference

» Scattered wave function (if there are N atoms in r; position)
N — .o .
v =3 4™ ip (g)e e (rr)) f;(8) - Atomic form factor

L e i
WSC:Ae%kout Tij(e)e %rj (kout kzn)

Fourier Transform
e = Diffraction

E’: k..— ki - Reciprocal wave vector (diffraction condition)

—

N T
s LPSG p— ij(lg)ﬁ i
i=1
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Atomic Form Factor

<Atomic form factor>
f (6) = Amplitude scattered by an atom / Amplitude scattered by a single electron

30
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Structure Factor

<Structure factor>

F; = Amplitude scattered by a unit cell / Amplitude scattered by a single electron

o ® ®
N o ®
— — —
r—r;+Ar;
— — —

—
= ﬂ1ﬂ+ ﬂgb"‘ TigC

Ar,=zatybtzc
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N o 2 ;
Vo= 3 S 1O

J=1 ny.ny.m

e 2k AF | - F 7
A STA@F ™Y x| T e

J=1 .Mz .13

l \ Atomic form factor
Structure factor (= Fiu )

_> 1
Assumption: k., = —

(1 )\
Sorry for the different definition of k;,, (2z/A or 1/i) on page 30.
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Fourier Transform and Diffraction

- Recall Kinematical electron diffraction

N .
—2mK-F, . . .
Y= ij(é)e ', | Theformula is a Fourier series.
J=1

o

Fourier Transformation of f(r) — F {f(r)} = F(K) = f flrye ™5 gy

— o

The diffraction amplitude is the Fourier transform of a real lattice.

v" Special Example

1 a) One-dimensional slit 1 b) Point source (a — 0)
one- two-dimensional Fi(q) =1 (isotropic scattering)
_ _ fi(z) =6(z) fir) :5[21”)
re={§ TS Fig)=a®Rigd  Jomst JJomar=s .
s
o] Transformation A~ Ve — 1
. AN 1 N -
o x EARAVANR VARG Assumption: k. = —
(a1 A

Sorry for the different definition of k;,, (2z/A or 1/)) on page 31.
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Convolution

- At the infinite point condition

11) Infinite point row N — oo

fi1 = f d(z — nd) Fiilg) = f ﬁ(q—ﬁ)
n=—d Tn=—0o0
i e 1/d
LT LI
0 d X -9,-9;9;-% 0 q, 9; 93 q,

12) Infinite periodic funetion

fiz(z) = fi1(z) ® fi(x) Fii(g) = Fi2(q) - Fa(q) = +Zm Fi(gn)o(q — qn)

n=-—0oo

, @ ) H Filq]
0 d x 1.~ f L |

=iy —=

—_ 1
Assumption: k. = —

(3] A

Sorry for the different definition of k;,, (2z/A or 1/).) on page 32.

Characterization for Nanostructures Hongsik http://bp.snu.ac.kr 32



Convolution
-Convoluti(::n Theorem F{f X g} — F(k) . G(k)
C(x)= [ f(©)gx-EdE = f(x)®g(x) F{f gl =F(k)®G(k)

1 a) One-dimensional slit 7) One-dimensional point lattice
N :
: sintgNd
1 if|z] < af2 = sin Tag fr(@) = 32 6(z —zn) Fr(q) = sin ?qu
f1($) = 0 if |$| > 0/2 }(1(‘{}0 =a Tagq n=1

— 1/d

14 ALELAL

x 0 q

% -
D _

q
S
<
S

- Convolution Atomic Form Factor f,(x) ® Point array f,(x)

8) N slits of width a

fs(x) = f1(z) ® fr(2) Falq) = Fa(q) - Fr(q) = S5 5d S0 maN0

— 1

| ; Assumption: k., = —
i AP ;

Sorry for the different definition of k;,, (2z/A or 1/).) on page 33.

- 2010-10-18 T
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Real Space

R
Bl
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Ewald Sphere

p
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LLaue Condition

i(' gvn(

Ripue
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X-Ray Source

Cooling water
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Tungsten 1 _ by ._____.__fx !
filament——"T1 t = zirconium I
{cathode) = 7 Focusing cup filter / |
|
- ——____ Evacuated .
/ tube ""\
- J
High e
voltage . [ 7] Filament 0.2 0.4 0.6 0.8
II' heating circuit Wavelength, A
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0-20 Diffraction

X-ray
tube

Arrangement
for fluorescence
analysis
Fluorescent
beam /

X-ray - o
source (fixed) ; Sample position for =’
— X-ray absorption "
analysis -

//\

Collimators

Crystal

Crystal
. mount

Detector mount
(rotates at twice
the speed of crystal)

An x-ray monochromator and detector. Note that the angle of the
detector with respect to the beam (26) is twice that of the crystal face.
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Principles of Electron Spectroscopy

Decreasing binding energy ———

XPS or ESCA AES

XPS, ESCA

(b)

AES |~

Valence
glectrons

» X-Ray Fluorescence
(EDS, EPMA)

B _.__ Core

electrons

R /j S
ha Vacant orbital

XFS
(¢}

The first two electron spectroscopes require the measurement of the emitted electron E,.

The third (competing with AES) requires the energy measurement of the emitted x-ray photon.
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X-Ray Photoelectron Spectroscopy

XPS of Pt

= :

C 1

- 1

Qo | FePO, (0.1 mM)-Pt/C

G .

p :

2 ' FePO, (1 mM)-Pt/C

-7) :

5 |

= FePO, (10 mM)-Pt/C

_ PO P2 Pt
A, ! 4t | 4f, Pt/C

8 (S 72 69 (FePO,:Pt=1:1)

Binding Energy (eV)

» Zero-Valent Metallic Pt Phase
Slight Peak Shift of Pt in FePO,- » « Charge Transfer of Pt

Pt/C Nanocomposites » The Largest Interfacial Contacts in
FePO, (0.1 mM)-Pt/C
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Raman Spectroscopy

- Quantized vibrational changes are associated with infrared absorption.

- The difference in wavelength between the incident and scattered radiation
corresponds to wavelengths in the mid-infrared region.

- Enough differences between the kinds of groups that are infrared active
and those that are Raman active to make the technigues complementary

rather than competitive.

Rarman intensity

Comparison between

+« Ramanand FTIR

Y e

aman
L I I ! I ; L L L - J
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/
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Fourier Transform Infrared Absorption Spectroscopy (FTIR)

e Resolution: 0.026 cm?

e Spectral range: 5 - 4500 cm!

e IR source:
- Mercury (2 & 2| &)
- Globar (& 2| &)
- Quarts-Halogen (2 & 21 & 2 JIAI & H)

e Detector:

- MCT detector (450 - 4500 cm™Y) :
operating at 77 K

- DTGS detector (350 - 7000 cm™?) :
operating at R.T.

- Si:B detector (450 - 4500 cm™)

- Si Bolometer detector (50 - 380 cm™?)

- Pumped Si Bolometer detector (5 - 100 cm™?)
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Multi-Technique UHV System

A multi-technique UHV system in use for surface
studies and microscopy, backscattered electron
detection, ion bombardment, and characteristic
x-ray detection. The apparatus is surrounded by
a cube of coil pairs designed to cancel out the
earth’s magnetic field in the region of sample

and detectors around it.
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a-step (Thickness Measurement)

e

& Detection limit: ~1 nm

¢ Methods of Step Generation

- chemical etching
- mask
¢ Measurements:
- step heights
- etch depths
- coating thickness

v ¢ Problems:

= % - substrate roughness
% Curvature .
%“ " ~10 um - film softness
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Ellipsometry (Thickness Measurement)

- Using the change of polarization and amplitude (phase shift)

polarizer analyzer

optical fiber

source detector

sample

Data acquisition J
and

computer

A
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Color Chart (Thickness Measurement)

Color SiO2 Thickness (A) Si3N4 (A)
Silver 270 200
Brown 530 400 I 1
Yellow-brown 730 550 2
Red 970 730
Deep blue 1000 770
Blue 1200 930
Pale blue 1300 1000
Very Pale blue 1500 1100
Silver 1600 1200
Light yellow 1700 1300 n .
Yellow 2000 1500 | Film
Orange-red 2400 1800 [ substrate
Red 2500 1900 I
Dark Red 2800 2100
Blue 3100 2300
Blue-green 3300 2500
Light green 3700 2800
Orange-yellow 4000 3000
Red 4400 3300

Color chart for thermal dioxide (refractive index of 1.48) and silicon nitride (1.97)
From Stephen A. Campell, The Science and Engineering of Microelectronic Fabrication, Oxford University Press, 1996
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Film Stress

¢ Deflected Substrate & Film ¢ Laser Scanning Measurement

Film
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4 Point Probe (Conductivity Measurement)

Resistivity Conductivity

{7 224 (GRND) [ fn.gen. (+]
224 [+ DM [+
— 1 196 (L) no connect
10 |19 HD fr. gen. & Dhit (-
O

The four point probe consists of

two current-carrying probes (outside),
and two voltage-measuring probes
(inside)
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Resistivity Measurement by 4-Point Probe

M AV - A E - t/s _t /s
S /SA,S/E ! 2In{[sinh(z/s)]/[sinh(z/25)]} 2In(2)
gr/-
_— ) g
2= 4.532¢ ?Fz

In(2)

\—Substrate Fz = P ) —
FIG. 1. Schematic of the linear four-point probe geometry for measuring the ln(z) + 111{ [{D 'Ill 2 ) B + 3] I[{D 'III 5 } T - 3]}
resistivity of a uniform film with thickness ¢ on a substrate that may be
either an insulator or conductor.
(sample Ol circle & ([H
7 - D :sample 2| & &
0 =2msF(—) sample Ol square & [}
o _f - D :sample & 22| 2 0[)
p : resistivity .
S : probe spacing (1 mm) [ '*"""=; - -
F : correction factor 08—
0'6. __}#\ Rectangular
F:Fl FH Fg I'-‘: { :
0.4 e .
. = -iaiet Circular b
F,: sample thicknessOi| 2| &t factor ozl
F,: sample size0fl 2| &t factor ) I
F,: temperatureOil 2| &F factor I s ‘
5+ temperature0il 2| 8t facto - PR ” "
(room temperature Ofl Al F; =1) D/s

Characterization for Nanostructures woojin

4-point probe manual,
Robert A. Weller (2001)

(t<s2 2 B2, <400 um O A 2)

4-point probe HH| 2 SHE
Sheet resistance gt 2| X HI S Xl =
90.9x10°CQ2/ [ &LICH
(HEI0MN 1= = U= =L

[t 2t Al thin film2 S JH JF 200 nm
(2%x10°cm) 2 & Jtsst
Resistivity 2t2 0 ~1.0x10*Qcm
Ol = CHXIDF & LICH

DI/s Circle | Square
3.0 2.2662 2.4575
4.0 2.9289 3.1127
5.0 3.3625 3.5098
75 3.9273 4.0095
10.0 41716 4.2209
15.0 4.3646 4.3882
20.0 44364 4.4516
320 44791 4.4878
40.0 4.5076 45120
infinity 45324 4.5324
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Capacitance-Voltage Measurements

Characterization for Nanostructures Bp

20 L T ' ' ' 1 T T
€ [ ——10kHz
El -=— 100 kHz
e --a--1 MHz
> 15 — /
E L
@
[m)
§ L
s 10F
S '
§ .&"
(&) / ’
R
Gate Voltage (V) 5nm HfSIXOy APL (1999)
0.25 1.2x10"2
3
0.20} !;: wg
S O 11.0x10" 3
5 0.15 N g7
B N %
g RN a
£0.10 -— " B
T RN 18.0x10"" =
—V. . 3
0.05' —5‘~~ tt“
g
~ c
0.00 L— - Y lsox10" =
As-deposited N, 0,

10 nm HfO, APL (2005)

http://bp.snu.ac.kr 50



Impedance Analyzer

Characterization for Nanostructures Bp

- APL (2000)

tan &

-V method

T

3

S

R

AVAVAY
l R 0
YN

osc ) [V

N

4<

Vi _ Vi
Z=""=y R
I e
05 T . . ,

140
04 E
9-_:-?-739'_‘_0.—.3_—".___13._._.0._.010..,..........._______ e = 10 e
03k o °“°'°"°°'°'m°'0-o:§g} %
c
Q9
—o-— Dielectric Constant (&) . 20 ©
02} ‘| 2
—E—tan § ¥ 5
10 ©
01| _ Q
.l--} ) =

.,-. _.—.w:-_:_—. —.'..__'"“-.-.._.—_. n _'..'—--"
00 " M P | L L a1 aaaal e M e | ]
10° 10* 10° 10°
Frequency (Hz)
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Network Analyzer

DC Probe

SMU4 / \ SMU3

Substrate Source

To Port 1of Ground ] Source Source [ Ground ssﬂ%goglte%\grk
8510C Network ] I Analyzer
Qﬂﬁlgg; |m With Bias
Network and
Network and SMU2
smut  Signal ]| Gate Drain | [|  Signal
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Network Analyzer

100
-
c
e HfO,
s et ———
&
High K or SiO2 Dielectric o 107 Zroz
I:{spread <Rgate< Rslz ‘3 i)
Q - rovie syt
5 T) SIOZ
PMOS NMOS 5
1 MHz
1 I T T
g 0 5 10 15 20
10 GHz
ﬂ Frequency (GHz)
20 GHz
ujs 1.Iu 15

Ve Vingem (V)
- Intel, IEEE (2001)
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ALD HfO, Thin Film-Dielectric Relaxation

. 1 T T T
o 0016
§ | +
N—r’ = .
43 0.05 @ 02 \
18 o 0] I
5 3 \
~~ SR 0.008 |- |
§16 33 '0'04? 2 E}:Q:::::
£ 14 5 S g ST TS
8 1 7 D et Calculated dielectric loss T
m ~ L L
c AN (@]
o (@)
O o 0.997 | -
- = /
©Q = Naw”
= © c
(&)
%J % -% 0.996 | /.} -
5 o & | o
[}
L X 0995 | i
10° 10* 10° 10° 10 . .

Frequency (Hz) As-deposited N, 0,

= Curie-von Schweidler relaxation from 1 kHz to 5 GHz.

» B. Lee, T. Moon, T.-G. Kim,
D.-K. Choi, and B. Park
Appl. Phys. Lett. 87, 012901 (2005).

= Dielectric relaxation depends on the annealing condition.

= Various defects in the HfO, layer and/or interface.
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Measurement Technique at GHz-Frequency Ranges

TOP VIEW ‘SIDE VIEWl

DUT-1 Microwave Probe
} |

2N

Au

OUT- Dielectri(://(_; y g DFi)(:IeCtric' |
e
e

Removal of the outer capacitance
- component by subtraction

Top electrode (Au) _
| .. Considering only the inner capacitance I
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(Ba,Sr)TiO; Thin Film: Microwave Dielectric Relaxation

T

1 1 . 1 . 1 0.00

); A LO, mode . 0.02}
. | 0.01 +

- g

— -

c t ok

> 8

o) > |

g | 2

> £\ 3 [

‘0 I . . . . . 200 +

S | 200 500 600 700 800 900 1
= N Raman Shift (cm™) 0.05}
= / 004 TN
=2 » TO, mode % 0.03 L

o> =

o

<

~4 0.06

"
So- - -0 {0.02
relaxation ~— U9 |

L = 1000

R
&

|

O

1_

1 1 1 1 1
0 100 200 300 400 500
Oxygen Pressure (mTorr)

= Ferroelectric fluctuation
= Nanopolar reorientation

= Defect dipole related oxygen vacancy (Vo)

Characterization for Nanostructures Bp

100 200 300 400 500
Oxygen Pressure (mTorr)

» T. Moon, B. Lee, T.-G. Kim, J. Oh, Y.
W. Noh, S. Nam, and B. Park
Appl. Phys. Lett. 86, 182904 (2005).
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Dielectric Constant vs. Photon Energy

..........
------------
. = 4.
____

Rakié and Majewski
------ this work

---------- Foroughi and Bloomer
=-=-—-=- Ozaki and Adachi

E=¢&, +Ile
c-GaN 1 2
B ~ 30
F ; 25
: € ] ]
6 _ —‘I-"'A b 20-.'
: : 15
St ] ol
: 1 ——
o .
- 5_
3t 0-
2 5
d; 10
u.' - -15 . T
1 1
Photon Energy (eV)
e (r() e—i(u(f—ii\‘/c')
E,~3.2eV
with a complex refractive index
Pollak’s Group i _
J. Appl. Phys. (2003) nfw) =n+ik = /e(w) ,
n —xt=¢ ,
2nk =& .
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2

v 1 v 1 v I

3 4 5 6

Photon Energy (eV)

E,~1.4 eV

Djurisic’s Group
Thin Solid Films (2000)
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X PS Sample Spectrometer

KE KEgpe
hv hy
EV
E
' (Dsam qDSpe
Ef _________________________________________ Ef -----------------------------------------
BE BE
E,, E

E,: Vacuum level,  E;: Fermi level,
E,: =& orbital 0l binding &/ U= electron2| energy level
hv: Incident photon energy, KE: Kinetic energy in vacuum

BE: Binding energy, ®,,,: Work function of sample

M

KEp,: detectorOfl A &t = &| = Kinetic energy, ®,.: Work function of spectrometer
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XPS

2UBHE © 2 sample0ll hy 2+22] 0l 4 XI ZE Jt&l photonS A 0tB S I 2H A2 CHS 0t
Z2sLICH

hv = KE + BE + @,
Bt spectrometer2| detector= sampledt= CHE g4 2] vacuum level= 2| [ =0l
detector0ll M 21 A Gt = Kinetic energy= &! Al Kinetic energy gt dt= Ct2 A & LICtH SFX[ Bt
sample2| Fermi level 2t spectrometer2| Fermi level2 S & dtJ| & 0l (samplet
spectrometer2| detector= 2/ 2 circuit@E HZ2EH UJ| HS) S 2AH A L5 S
& = AsLICH

2|
=

|_

0ol
o

hv=KE,,,+BE+ ®

spe spe

>

L2l = detectorOl M 2= &= (& M 2t= TE)
function gf= & &= UJ| 20 & & 2HAS =

2t = binding energy=2 £ &

inetic energy 8t 1}t spectrometer2| work
MU EHOIEHCZ2= &M =20
P A ELICH

or QL

5k BHOF sampleOll Al &2 O Lt vacuumES S 0tot= & Kl kinetic energyE 2| floi A= 1
=2 & 2| work function2 20t0F &2 & == USLICH
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Kinetic Energy (eV) M3 =22 2= S 2p0il Al binding energy
2.lll5 Z?U ) 230 23.5 l!l'HI] 1084 l:l]'HH- Ill.l92 T!B 720 'J'IZZ ?.24 ?Zlh jl _jl‘_:__i Sulflde peakOl 1625 eV Sulfate peak0|
(a) Zn 2p (b) S2p (c) O 15 ~170 eV 2 handbook0fl Lt 2t U= rangeOl

:O_|o|o<:> o|.)\ O|AL|[:|_

X
U

ot Xl 2 Holloway group2| & 2 0l = sulfide
peakO| ~166.5 eV, sulfate peakO| ~174 eVZ
handbookOll Lt2t J= =XI2 X0t EHS & =
0.18% %1% Ll [:I_

o
M\ﬁ:
] qu

ZnsO,

XPS Intensity (arb. unit)

S : o | XPS data= C 1s peak=S Ol Z6t0d BtE Al peak
1045 d 1025 1020 172 168 164 1640 ﬁ.i-i ‘\32 "Hll ‘i’H 526 ol Il g _Cli_é‘l OH OI; ;I. = [:-” X.” HOFH O.” E OI. I,
Binding Energy (eV) Holloway GroupOil Al 28 St = ot K| &0t
Olg! SMIJF eHAiE 2Ho 2 Bl |},
BP group, Appl. Phys. Lett. (2008).
" ] 2pin Binding Energy (eV)
= S 2': o air aimcusphere ﬁ ] Compound Type 16(}: 163 - 166 rg)iw 172 175 178
i s Aratmosphers 1 < ;
B g "ﬂs .. 7 ;ulﬁdc IJ
- e .' = -
or & | = E '] - SFe T
=+ F o " - . SO; -
_f n:-. ; ; ] Thiophene I
o - - i Mercaptan il
SRR = |
s i Sulfone —

176 AP0 72 170 des Ll 182 i
binding en Handbook of X-ray Photoelectron Spectroscopy

Holloway group, Adv. Iéunct Mater. (2004). (Perkin-Elmer Corporation; 1992).
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