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Synchrotron-radiation photoemission spectroscopy:
Application to the high-throughput characterization of devices
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Outline of the lecture

1) Principle of photoemission and x-ray absorption spectroscopy

2) Evaluation of chemical bonding (valence) states by core-level shift

3) Determination of band diagram of Schottky junction and field effect transistor
(FET) by photoemission spectroscopy.

4) Recent activities —Practical sessions




The interface is the device

1960 Herbert Kroemer, Nobel Lecture in 2000.
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The devices (MOS-FET) used in recent computer
are scaled down to nm scale




Si MOS-FET transistor

Chemical reaction occurs at the interface, and the physical
properties of bulk material are modified at the interface.

Interface

100

Influenza virus

Channel (the interface between Si and other materials)

For designing the high-performance devices, it is important to
characterize the interfacial electronic structure (chemical
states, band diagram, etc. ) of devices in nm region.



Why is your computer becoming so hot?

MOS transistor | eak current
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*Due to the crystallization of gate
insulator (amorphous)

For designing the high-performance
devices, it is important to characterize the
interfacial electronic structure (chemical
states, band diagram, etc. ) of devices

+ P. A. Packan, Science 285, 2079 (1999).
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» Photoemission characterization
Silicate . .
MSIO, : Insulator (MO2),(Si02),., using SR light



Advantage of SR-PES

Y Non-destructive

Y Surface (Interface) Sensitive (5~30A)
¥ Direct Determination Chemical Shift
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Principle of photoemission spectroscopy :

Photoelectric Effect

Schematic Drawing of an early
“photoemission” experiment.
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The phenomenon of photoemission was discovered by Dr. H.R.
Hertz in 1887.

Ultraviolet radiatioﬁ‘&&(\ / / External photoelectron

a
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Dr. A. Einstein was able to explain the systematics by invoking
the quantum nature of light (Novel Prize in 1921).

eU=FE, =hw- ¢

1n, max
0 . frequency of the light
E\iy max - the maximum electron kinetic energy
h : Planck’s constant
1) : Work function

U: the retarding voltage



Principle of photoemission spectroscopy :
Work Functions

The work function is the minimum energy needed to remove an electron from a
solid to a point outside the solid surface (or energy needed to move an

electron from the Fermi level into vacuum).

Photoelectrons are emitted from the solid surface by irradiating the light.
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Principle of photoemission spectroscopy

Photoemission Spectrum

ABaauy

hv=Eg;+ E. . +¢

Eg 5 Binding Energy
E,,, ; Kinetic Energy of Photoelectrons
¢ 5 Work functions

E\‘IIC

hv

Number of emitted photoelectrons
with kinetic energy of Ekin.

E
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The light radiated from the photon source impinges on the
sample, and the photoelectron are then analyzed with respect
with their kinetic energy in an electrostatic analyzer. Sam ple

Ekin.
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Principle of photoemission spectroscopy

Photoemission Spectrum
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Fermi Golden Rule
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Instruments: Electron Analyzer

Channeltron

Electron lens

Sample

Energy Resolution

AE= W4E11 I\ W9 Vacuum
Chamber
2r,

w ; Slit width
r,;, Radius of hemispherical
analyzer




Photoemission Chamber@S

R

Manipulator " 0
(Bi-axial rotating stage) 1] 41
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Advantage of SR-PES

Y Non-destructive
Y Surface (Interface) Sensitive (5~30A)
Y Direct Determination Chemical Shift

. < DOS
of Electronic States Band Diagram
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Photoemission in the soft-x-ray region

Photoemission spectroscopy (PES)

Mg Ka :1253.6 eV
X-ray photoemission spectroscopy (XPS) A? K: 11486.66V

(Electron Spectroscopy for Chemical Analysis; ESCA)
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XPS : Chemical composition analysis

Photoemission spectroscopy (PES)

Mg Ka :1253.6 eV
X-ray photoemission spectroscopy (XPS) A? K: 11486.66V

(Electron Spectroscopy for Chemical Analysis (ESCA))
[> Core level Elemental selectivity

Ultraviolet photoemission spectroscopy (UPS)
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Intensity (arb. units)

XPS : Chemical composition analysis

Photoemission spectroscopy (PES)

Mg Ka :1253.6 eV

X-ray photoemission spectroscopy (XPS) A| ka :1486.6eV
(EIectron Spectroscopy for Chemical AnaIyS|s)
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XPS spectra of
La,_  Sr,MnO; film

By analyzing the intensity of
each core level, the chemical
composition is estimated.

By changing the photon energy,
the Auger peaks are distinguish.



XPS : Chemical states analysis

XPS—Elemental specificity, Chemical composition analysis
Chemical state analysis (Chemical shift)

The electric potential around core electrons is
changed depending on the difference of chemical
bonding. Therefore, reflecting the chemical bonding

states, the energy position of the core level shifts.
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Photoelectron Intensity (arb. units)

Analxsis for high-k ZrO2 gate
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UPS : Valence Band Spectra

UPS —Direct determination of the density of states

Metal or Semiconductor

——SRO

—— STO Valence band maximum

Insulator
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Band structure calculation  Netal
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Thickness Dependence of SrRuO
SrRuO I

Ol1S

Escapé
Depth

Obtained by one-shot
experiment
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Appearance
of Fermi edge

D. Toyota et al., Appl. Phys. Lett., 87, 162508 (‘05).



Thlckness Dependence of SrRuO,
SrRuO Rudd
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Advantage of SR-PES
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Probing depth

Photoemission is a surface sensitive prove.

Chemical states at the surface
(interface).

Ipps = exp(-d /h-cosO)
e-

\“\ ‘
\‘~ A P
| \\\—\\\ :Q/ ;
! PES
10° 10° |

10" 10° 10° | /
Electron energy (eV) '

Mean free path (A)
=

Escape depth (mean free path) of photoelectrons
depends on the kinetic energy.

d

The escape depth in the soft x-ray region is ranged from
110 10nm. Thus, we studies the surface states of solid.



Surface sensitivity

Photoemission is one of the best prove to study the
electronic structure at the surface and interface.

The intensity of photoelectrons is decade as a function of exp(-d /A-xoc6). Therefore, we
are able to extract the surface and/or interface components by changing the photon energy

(kinetic energy of photoelectrons) and the angle between the incident light and the normal of
the sample surface.

Si surface is oxidized.

Si0, [ A Si2p
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Ipgg = exp(-d /h-cosb) Interface



Depth profiling using angle dependent XPS

MEM analysis of SION/Si
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Advantage of SR-PES

Y Non-destructive
¥ Surface (Interface) Sensitive (5~30A)
Y Direct Determination Chemical Shift

. < DOS
of Electronic States  Band Diagram
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ngh brilliance and resolution: High-throughput and precise characterization
|
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@ PF Ring& Beam Lines for VUV-SX
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Beam Line 2C: For High-resolution XPS
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New in-situ PES + Laser MBE sxstem
P
Laser Molecular Beam

[Photoemlssmn Chamber

"

Manipulator
(two-axial rotating stage)

Prepaation Camber

@KEK-PF BL-2C

High resolution photoemission analyzer
VG—-Scineta SES2002



Energy-band offsets in high-k materials
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X-ray absorption spectroscopy (XAS)
XAS;

Measure the sample current (intensity of emitted
electrons) by changing the photon energy.
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X-ray absorption spectroscopy (XAS)

Energy (eV)
Si0,  Si
—> —3 Conduction
Eg band 11 E
'4 >4¢A ig 5 Valence
band
536.9
hv
5325V ———01s

by XPS

Energy relative to VBM of Si

Intensity (arb. units)

O 1s XPS|
£]-5325eV

537 336 -535 334 %% % -531 530

valence band
hv=800 eV

woﬁ

/N“m 7 m&
W ‘~., 4.4 eV

<+—>

gf_

/’\\/h

llllllll

Energy relative J]Vfgﬁq of Si
Determined

(Valence band minimum)

Si0, XAS

Intensity (arb. units)

difference p‘ \J

| | | | |

| | | |

528 530 532 534 536
Photon Ener

538 540 542 544
gy (eV)

Absrption Edge

(Conduction band minimum)



Energy-band offsets in high-k materials

. S ' " [Valence Band ll) Valence Band
Band dlagram @) hv=g800ev | | ® hv = 800 eV
1 High-k .
Interlayer _. z Si0,/Si
Si substrate =
; HfO,/Hf,_Si 0,/Si
A Ha) - . .
5 T T T H-terminated S1 (001) ..
) ~— | H-terminated S1 (001)
1 conduction band 2 -‘
w2
Eg2 Egl T §
EF [en
. v 1.1eV —
VBMski1 AE 2¢
AE. || Valence band / T
8 6 -4 2 0
Energy Relative to VBM of Si1 (eV)




Resistance: Changes; by, Application ofi Pulse: Volatage

Resistance switching behavior in metal/oxide/metal structures

TR
g T ' High Resistance States
3 3000 ’/M
g .
22000 Two stable resistance states
2 1000 - |
mf w ol *w’ | Low Resistance States

40 50 60 70 80 S. Q. Liu et al., Appl. Phys. Lett. 76, 2749 (2000).

Applied pulse number
4 += ) - =+

Resistance Random Access Memory
(ReRAM)

YBCO YBCO
LAO sub. LAO sub.

J

While various RS mechanisms have been proposed,
the mechanism have not been fully understood yet.




Current (A)

Possible Mechanism, for ReRAM

Interface type
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Chemical states Photoemission
at the interface spectroscopy



_Charagteristics of PiTa;0; ,/Ta, ReRAM Device

Depth profiling for Ta/O composition (Ar sputtering)

............... T e
Device structures -~ 9% 0,
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Bi-polar type resistance switching  z weieral., 1EDM Tech. Dig. 293-296 (2008).



Device: Structure. forr HXPES,
edeasurements. (Fablication, Progess),

| |
I |
Photograph (Devices: 2 x 50 = 100)
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Intensity (arb. units)
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Change: im Chemical States at Om and: Offf States:

I |
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The intensity of reduced components changes with resistance switching.



@n@n@@m Chemical St@i@%ait@hm Off States;
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The intensity of reduced components changes with resistance switching.



Change: im Chemical States at Om and Offt States:

Intensity (arb. units)
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The intensity of reduced components changes with resistance switching.



Chemical Changes; of Tia,0s.; Asociated;with, Resistance, Changes:

~
I [ [ [
Pt/Ta,O. /TaO_ /Pt device "
Ta4d, 258 18 Initial Thin High
hv =7940 eV T'as+ —o— RS | 118 nmI
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5 Y,
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g 11.8 nm
5 Layer thickness
5 at the interface
k=
Ta,O;_ .
LRS 0
11.8 nmI 4.8 A
| | .
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Redox reaction at the interface induced by applicaton of pulse
voltage is indispensable for ReRAM operation.



Summary

Photoemission spectroscopy combined with synchrotron radiation is powerful experimental
technique to study the surface and interface electronic structures of devices.

Valence band spectra Density of states

(X-ray absorption spectra) Valence band maximum
(Conduction band minimum)

Core level spectra { Chemical compositoin analysis

Chemical state analysis

Direct observation of electronic structures.

"Simple is the best”



