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Investigation of Metal Oxide Thin Films and Nanofibers by

Electron Emission Spectroscopy
Juyun Park

Department of Chemistry, The Graduate School,

Pukyong National University
Abstract

In this thesis, the results of surface characteristics of CuOx, MoOxNy,
MoSx, and various metal oxide thin films investigated with electron emission
spectroscopy (EES) were reported. In order to study of the surface properties
of the thin films, EES and sputter chambers were built and modified. The
EES chamber was equipped with X-ray photoelectron spectroscopy (XPS),
Auger electron spectroscopy (AES), and ultraviolet photoelectron
spectroscopy (UPS). The oxidation state of the elements on the films was
determined after peak deconvolution process. We verified that the ratio of
chemical species with different oxidation states is one of crucial factors of the

characteristics of the films.
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CHAPTERI. Introduction

1.1 Material System

In this research, a variety of metal oxide systems and conductive
polymers were examined by means of electron emission spectroscopy, those
material systems have been widely used in a number of application fields
including solar cell, semiconductors, photovoltaic devices, and electrochromic
devices. The material systems investigated in this research are copper oxide
(CuOx) thin films [1.1-1.3], copper oxide (CuOx) nanofibers [1.4],
molybdenum oxide (MoOx), exynitride (MoNxOy), and sulfide thin films
[1.5,1.6], hafnium aluminum oxide (HfA1Q3) thin films [1.7], gallium zinc tin
oxide (GZTO) thin films [1.8,1.9], fluorine doped SnO: (FTO) thin films
[1.10], and poly(3,4-cthylenedioxythiophene) (PEDOT) thin films [1.11].

Cuprous oxide (Cu20) is a p-type semiconductor with a direct band
gap in the range between 2.0 and 2.6 eV [1.12-1.14] and is suitable for
photovoltaic devices [1.15,1.16], while band gap of cupric oxide (CuO) is 1.2-
1.5eV [1.17]. Although Cu20 has great advantages for the applications in
optical photovoltaic devices, the difficulty of growth of single phase Cu2O
without CuO mixing still remains. Mo oxides have become an important
material system for application in electrochromic and photochromic devices in
the solar cell industry [1.18,1.19], active and selective catalysts [1.20,1.21],

and gas sensors [1.22]. The organic optoelectronic devices have been
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interested in the demand of flexible devices. One promising material system
is poly(3,4-ethylenedioxythiophene) (PEDOT) which is a conductive polymer
with work function between 4.7 and 5.1 eV, high transparency in visible light
region, and excellent chemical stability.

To fabricate the thin films, which were investigated in this work,
various techniques were applied including radio frequency magnetron
sputtering, direct current sputtering, magnetron co-sputtering, electrospinning,
and spin coating. The chemical environment and the oxidation state of the
elements on the surface region of the fabricated thin films are key factors to
understand the physicochemical and electrical properties of the thin films. In
order to focus on the surface region of the material systems, surface sensitive
technique was needed. In this aspect, X-ray photoelectron spectroscopy
(XPS), ultra-violet photoelectron spectroscopy (UPS), and Auger electron
spectroscopy (AES) are suitable techniques. However, due to the small
number of photoelectrons from the surface of the thin films, interference free
environment was required to analyze. For this purpose, we constructed ultra-
high vacuum (UHV) electron emission spectroscopy (EES) system based on
ESCALab MKII system. The details of the EES system and standard
operating procedures of a variety of surface analysis techniques will be
described in Chapter 1.2 and Appendices A-H, respectively. Figure 1.1
shows the conceptual diagram of the approach used in this research. In the
figure, photoelectrons can be ejected by various excitation sources such as X-

ray and ultra violet light. And Auger electrons can be emitted commonly by
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electron beam. The energy of emitted electrons from the sample surface was
analyzed with an electron energy analyzer and those techniques are called as

XPS, UPS, and AES.
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Figure 1.1 Conceptual illustration of the EES used in this research.

Collection @ pknu



1.2 Electron Emission Spectroscopy System

The schematic diagram of electron emission spectroscopy (EES)
chamber has been built for this research is shown in Fig. 1.2.  The EES
chamber is a modified model based on ESCALab MK II (VG, UK) for
versatile uses. The modified EES ultrahigh vacuum (UHV) chamber is
consisted of three chambers: analysis chamber, sample preparation chamber,
and rf sputter chamber. Each chamber is connected with a manual gate
valves for isolation of the chambers at different pressures. The detailed
illustrations of the three chambers are shown in Fig. 1.3-1.5.

The signal from most surface sensitive techniques is weak in general,
therefore EES analysis requires interference-free environment. The
interference-free condition can be made by vacuum system. The UHV (107'°
Torr range) condition of EES chamber has been achieved with a rotary vane
pump (RP), a turbo molecular pump (TMP), two ion pumps (IPs) with
different pumping speed (360 and 720 L/s), and a Ti-sublimation pump (TSP)
as shown in Fig 1.2.  Whenever the EES chamber was vented to atmosphere,
the EES chamber should be pumped with a RP until the pressure reaches to
low vacuum (LV, ~107 Torr).  After the pressure reached to LV, TMP
pumped the chamber to reach high vacuum (HV, ~1078 Torr). Then IP and

TSP can evacuate the chamber to UHV.
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Figure 1.2 Schematic diagram of electron emission spectroscopy (EES) chamber.
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1.2.1 Analysis Chamber

Most of surface analysis tools are mounted on the analysis chamber as
shown in Fig 1.3. In the figure, A is a concentric hemispherical electron
energy analyzer (CHA) which is equipped with a channeltron for the detection
of photoelectrons. B is an ultra-violet (UV) energy source for ultra-violet
photoelectron spectroscopy (UPS) which is activated by He gas discharge. C
is a dual anode (Mg and Al) X-ray source for X-ray photoelectron
spectroscopy (XPS). The Mg Ke X-ray has 1253.6 eV of photon energy
with 0.7 eV of full width at half maximum (FWHM) and Al Ko X-ray has
1486.6 eV of photon energy with 0.85 eV of FWHM [1.23].  The advantage
of the usage of the dual anode source is that it can differentiate between XPS
and Auger electron spectroscopy (AES) peaks. D is a precision sample
manipulator for sample positioning which moves the sample with four
directions (x, y, z, and 0) to desired position for analysis. Charge coupled
device (CCD) camera is used for exact position of sample. E is an Ar-ion
sputter gun with low intensity for sample cleaning which removes the
contaminant layer formed in atmosphere. F is a high flux electron gun for
AES, G is a wobble stick for transferring a sample from a rack and pinion to
sample manipulator, H is an Ar-sputter gun with high intensity for depth
profile study. The base pressure of the analysis chamber is ~107'° Torr range
achieved by IP and TSP. The standard operating procedures of the surface

analysis techniques are in Appendices.
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Figure 1.3 Schematic diagram of analysis chamber. A is CHA, B is an UV
source, C is a dual anode X-ray source, D is a manipulator, E is an Ar-ion gun
for AES, F is an electron gun for AES, G is a wobble stick, and H is an Ar-ion

gun for depth profile.
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1.2.2 Sample Preparation Chamber

The sample preparation chamber is consisted of two parts: sample
transferring part and sample load-lock part. The illustration of sample
preparation chamber is shown in Fig 1.4. In the figure, | is a wobble stick for
transferring the sample holder from a carousel to a rack and pinion. The
sample holders are made with stainless steel, titanium, and copper. The
diameter of the sample holder is 8 mm and the height is 10 mm with several
notches to manipulate. J is a carousel for storing sample holders which can
store 10 holders. K-is control knobs of the rack and pinion system. L is
sample load-lock chamber to install the sample from atmosphere. L is
needed to be vented or pre-pumped before installing the sample or surface
analysis, respectively. After the sample was pre-pumped the sample can be
transferred into the sample transferring part. In order to check the
contaminants in the UHV_chamber, quadrupole mass spectrometer (QMS) was
housed in the sample preparation chamber. ‘M is a low energy electron
diffraction (LEED) and AES system for investigation of single crystal. Nisa
wobble stick for transferring the sample between a carousel and the rack and
pinion system. O is a carousel storing sample which can store 12 holders.
P is an angle valve which connects the load-lock chamber and TMP to pre-
pump after sample installation. The parts denoted as VPs are view ports.
The sample transferring part of the sample preparation chamber was pumped

by IP with 360 L/s of pumping speed.
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Sample Preparation Chamber

L IP 360 L/s

Figure 1.4 Schematic diagram of sample preparation and load-lock chamber.

| is a wobble stick, J is a carousel, K is control knobs of the rack and pinion

system, L is sample load-lock chamber, M is LEED and AES, N is a wobble
stick, O is a carousel, P is an angle valve, and VPs are view ports.
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1.2.3 rf Sputter Chamber

rf sputter chamber was built for fabrication of thin films without air
contamination. In order to study the thin film fabricated in this chamber in
situ, the rf sputter chamber was clustered with the analysis chamber. The
schematic diagram of radio frequency (rf) sputter chamber is shown in Fig. 1.5.
In the figure, Q is a wobble stick. R is a molecular beam doser (MBD) to
control the number of gas to react with the sample. The detailed designs for
MBD and MBD gas line are shown in Fig. 1.6 and Fig. 1.7, respectively.
Calibration of the MBD was required to figure out the exact number of
impinging gas.. We calibrated the MBD using N> gas as a reference applying
pin-hole conductance equation [1.24]. The pin-hole conductance is given as

below;

dn_

v dIn(P/R)
Pdt kT ’

dt

where (dn/Pdt) is pin-hole conductance, V is the volume of dosing gas storage,
P is the pressure in the dosing gas storage which is read by a convectron

pressure gauge as shown in Fig. 1.7, T is the temperature of the gas storage in

Kelvin unit, & is Boltzmann’s constant. The slope of the plot of In(P/F,)

versus ¢ was given as following and the plot is shown in Fig. 1.8;

dn ( ij
slope=—| ——|.
Pdt vV

11
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Figure 1.5 Schematic diagram of UHV rf sputter chamber. Q is a wobble
stick, R is a molecular beam doser, S is a sample transfer rod, T is a
manipulator, U is a UHV rf sputter target, V is cooling line, and W is a sample
transfer rod.
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Figure 1.6 Design for a molecular beam doser.
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Figure 1.7 Schematic diagram of gas manifolds for a molecular beam doser.
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Fig. 1.8 Calibration result of a molecular beam doser.
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From the relationship above, pin-hole conductance of N2, F, , was
determined. The number of N2 gas was figured out with £, . The number

of molecules delivered by MDB is given as below;

P(Torr)xt(s)

M (g /mol)

The MBD is useful to study about the kinetics between the sample and desired

The number of gas= (1.109>< 1013)

gas by temperature programmed desorption (TPD). S is a sample transfer
rod for transferring the sample between the sample preparation chamber and rf
sputter chamber. T is a precision sample manipulator with five directions (x,
y, Z, 01, and 02) for positioning the sample. U is a UHV rf sputter target for
deposition. = Gas manifolds for rf sputter target are shown in Fig 1.9. Vs
cooling line for cooling the rf target. W is a sample transfer rod for
transferring the sample between the rack and pinion and rf sputter chamber.
The purity of the sputter gas was monitored with a QMS. The QMS is also
used for TPD. The rf sputter chamber was evacuated independently with a
RP, a TMP, an IP, and TSP. The base pressure of the rf sputter chamber is
kept in ~10~° Torr range. During rf sputtering process, the working pressure
(WP) is controlled with a manual gate valve and the WP is kept in mTorr range.

The detailed rf sputter process is described in Appendix M.
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Figure 1.9 Schematic diagram of gas manifolds for rf sputter.
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CHAPTER II. Theories

2.1 X-ray Photoelectron Spectroscopy (XPS)

X-ray photoelectron spectroscopy (XPS), also known as an electron
spectroscopy for chemical analysis (ESCA), is a widely used technique for
surface analysis since 1970. In these days, surface analysis is crucial to
evaluate and improve the performance of devices, such as solar cells,
semiconductors, and light emitting devices (LED) in fundamental level and
commercial field. - The number of publications per year in each of the last
five years is shown in Fig. 2.1 and it indicated that the frequency. in the use of
XPS is gradually increased. The theory of XPS is based on the photoelectric
effect. After introducing the characteristic X-ray with a sufficient energy on
the sample, electrons at core and/or valence levels could be ejected from the
sample and these are called as photoelectrons.  Fig. 2.2 shows the process
about generation of photoelectron. The ejected photoelectrons are moved to
analyzer and collected at channeltron. Finally the number of electrons is
converted to current and XPS spectra which are represented by binding energy
versus counts per seconds (cps) were obtained. The inset in Fig. 2.2 is the
survey XPS spectrum of Ag standard, the first spectrum obtained with our
modified EES system. The notation of photoelectron is determined by the
core level where the emitted electron was located. The binding energy of

electrons, E» is calculated by the following equation.
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Fig. 2.1 The number of publications using XPS from 2010 to 2014. It is
resulted from the database with the searching keywords of XPS in Scifinder
website.
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Fig. 2.2 The process of generation of photoelectron and the first XPS spectra
obtained using Ag sample in our EES system.
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Eb = hv—Ek _¢spec

where, hv : energy of X-ray,

E : kinetic energy of photoelectron,

Pspec - work function of spectrometer.

The energy of X-ray and the work function of spectrometer are known and the
kinetic energy of photoelectrons can be measured by electron energy analyzer,
so the binding energy of photoelectrons can be determined.

XPS instrument is composed with X-ray source, electron energy
analyzer, and detector at least.  In this chapter, X-ray source and electron
energy analyzer will be mentioned.

To be a proper X-ray source, two conditions should be satisfied to be
used as an X-ray anode. = The first requirement is an effective bandwidth.
From the high resolution XPS spectra, we can obtain the information, such as
oxidation state of elements and the surrounding environment of atom. If the
effective bandwidth of the X-ray line is broad, the resulted XPS spectra are
also broad and it makes difficult to analyze. In general, X-ray line with
narrow bandwidth less than 1.0 eV is suitable for an X-ray source. In the
Table 2.1, the photon energy and bandwidth of characteristic X-ray lines for
many metals are listed [2.1]. Among the various metals, 5 metals have
potential to be used as an X-ray anode. As shown in Table 2.1, the energy of
Y MC and Zr M( is very lower than those of Mg Ka, Al Ko, and Si Ka. At

this point, the second requirement is considered and it is X-ray energy. As
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Table 2.1 Energy and effective bandwidth of some characteristic lines.

Line Energy [eV] Bandwidth [eV]
Y M¢ 132.3 0.47
Zr M 1514 0.77
Nb MZ 171.4 1.21
MoM(C 192.3 1.53
A1 Gy, 395.3 3.00
. CrlLa 572.8 3.00
- NiLa 851.5 2.50
[<CULla = 929.7 3.80
~ MgKa 1253.6 0.70
. AlKa T 1486.6 0.85
. SiKa 1739.5 1.00
AR 1922.6 1.50
Zrla 2042.4 1.70
Ti. Ka 4510.0 2.00
CrKa 5417.0 210
Cu Ka 8048.0 2.60
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we mentioned above, X-ray with sufficient energy can eject electrons from
core levels out to the vacuum level. If the energy of X-ray is lower than the
binding energy of electrons, photoelectrons could not be produced. Thus Y
and Zr are not suitable materials for an X-ray anode. Because Si is a
semiconductor, Si has poor heat conduction characteristics. Mg and Al are
better to use as an X-ray anode material considering the above criteria.

X-ray can be generated by the bombardment of highly energetic
electron to anode. When the electron produced from the filament has
sufficient kinetic energy, emission of X-ray is started from the surface of Mg
or Al anode. As the energy of electron is increased, the flux of X-ray is
increased and finally saturated. Thus the filament voltage is usually
maintained in the range from 9 to 15 kV during XPS measurement. The
maximum power of X-ray source is about 1 kW in compact design (external
diameter of shield is about 35 mm). When the power is increased, X-ray
source is more heated. If the X-ray source is overheated, inter-diffusion of Al
and Mg is occurred and dual excitation is produced. More severe case leads
to agglomeration between Al and Mg and then XPS peaks from Cu La
radiation will appear. To prevent these problems, X-ray source should be
cooled by water, in general 3.5 L/min of a flow rate and 3.5 bar of a working
pressure, during operating.

The schematic diagram of dual anode X-ray source used in this work
is shown in Fig. 2.3 [2.2]. The X-ray anode is composed of Cu and the end

of anode is stepped. Two sides are deposited with Al and Mg with the
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Fig. 2.3 Schematic of dual anode X-ray source RS 40B1 made by Prevac.
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thickness of 10 um, respectively. A semi-circular filament is located near the
each anode and the center of the filament is grounded. The electrons
produced from filament are accelerated by high voltage and bombarded to
anode. To prevent the bombardment of undesired side, barrier blocking is
positioned at the middle of anode. The selection of anode between Al and
Mg is simple. The thin Al window is installed at the end of cover housing.

It protects the exposure to stray electrons from electron energy analyzer and
contamination from X-ray anode. Also the Al window is separated the space
of main chamber and X-ray source.

To obtain XPS spectra, the kinetic energy of emitted photoelectrons
should be detected and analyzed. For higher resolution spectra, electron
energy analyzer is the most important component in XPS instrument. Many
electron energy analyzers are developed and two analyzers, cylindrical mirror
analyzer (CMA) for AES and concentric hemispherical-analyzer (CHA) for
XPSs are mostly used in these days. In this chapter, the details of CHA will
be discussed (CHA is also used for AES analysis in our group).

The schematic diagram of CHA with electrostatic lens systems is
shown in Fig. 2.4. To remove the effect of magnetic field which can cause
the change of path way of photoelectrons, Mu metal is used for the material of
UHV chamber. The ejected photoelectrons are entered to electron energy
analyzer through the transfer lens. CHA is consisted of two hemispheres,
outer and inner. They have same center and applied with negative voltages.

The absolute value of the voltage applied in outer heisphere is larger than that
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Fig. 2.4 Schematic diagram of CHA with standard input lens systems installed
in ESCALab MK II made by VG.
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in inner hemisphere.  After the introduction of photoelectrons to analyzer,
they should pass the curved path under the electric field to reach the detector.
Electrons with high kinetic energy is moved in high speed and they are
difficult to change the travel path in the CHA, thus electrons removed by the
collision to outer hemisphere. Electrons with low kinetic energy is moved in
the analyzer with low speed and collapsed to the inner hemisphere. Finally,
electrons which have specific kinetic energy are only arrived at the exit slit
and collected into the channeltron. —The reached electrons can be controlled
using their kinetic energy and applied voltage.

o I/1131 - V2R2

V.
4 2R

0

The applied voltages of curved path, outer, and inner hemispheres are Vo, V1,
and V2, respectively.. The radii betwen the center and curved path, outer, and
inner hemispheres are Ro, R1, and R2, respectively. Therefore; the electrons
with the kinetic energy of eVo could only be detected.

To detect the electrons, CHA is operated in one of two modes,
constant analyzer energy (CAE) and constant retarding ratio (CRR). In the
CAE mode, the applied voltages of two hemispheres are fixed. The analysis
of electrons is perfomed by varying the retarding voltage. Before the
electrons were entered the entry slits, the retarding voltage is applied and then
the kinetic energy of entered electrons are adjusted. For example, let’s
assume that only electrons with 100 eV of kinetic energy can be arrived at the

exit slit and the kinetic energies of emitted electrons from sample are 50, 100,
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and 150 eV. For electrons with kinetic energy of 50 eV, positive retarding
voltage is applied and then changed their kinetic energy like 100 eV. For
electrons with higher kinetic energy, negative voltage is applied and enalbes
electrons to reach the channeltron. In the CRR mode, the retarding ratio (the
ratio of retarding voltage and analyzer voltages) is constant and the analyzer
voltages are vaired in accordance with the kinetic energy of electrons.

Herzog plate in the Fig. 2.4 contains the entry and exit slits and the retard
plates are applied at this plate. Because CAE and CRR modes are considered
to constant energy resolution and constant resolving power, CAE and CRR

mode are commonly used for XPS and AES, respectively.
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2.2 Auger Electron Spectroscopy (AES)

Auger electron spectroscopy (AES) is one of the surface analysis
techniques. It provides qualitative and semi-quantitative determination of
elements and information of surface phenomena such as adsorption,
desorption, and diffuse in to/out from the bulk.

The principle of generation of Auger electrons is shown in Fig. 2.5.

It consists of three steps, ionization, relaxation, and emission of Auger
electrons. The electrons in core level are ionized by the incident X-ray beam
(in the case of AES, electron beam). The ejected electrons are called as
photoelectrons and analyzed in XPS. After ionization, further steps can be
occurred to be stabilized. = The electrons at upper states are naturally filled up
the hole and the energy difference between two levels is emitted. This
process is called as relaxation process. = The relaxation process can be either
radiative or non-radiative process. In radiative relaxation, the energy
difference can be emitted as the characteristic X-ray photon, fluorescence. In
non-radiative process, the energy difference used for ejection of electron at
same or upper level (L1 or L23 in Fig 2.5) and this electron is called as an
Auger electron. The processes of between emission of X-ray and generation
of Auger electron are competed. The detailed notation of Auger electron is
determined by the sequence of generating holes. In this case, the first hole is
generated in K level, the next hole is in L1 level, and the last hole is in L2;3
level. Thus, this Auger electron is called as KLiL23 electron. In some cases,

the alphabet V is used for denote an Auger electron. The letter V means
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Fig. 2.5 Production of Auger electron: (a) ionization, (b) relaxation, and (c) emission of Auger electron.
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valence band.
The kinetic energy of Auger electron can be calculated by

Ek :EK _ELI _EL2.3 _¢

As shown in the equation above, the kinetic energy of Auger electron is
independent of the incident energy. It is used to distinguish two electrons,
Auger electrons and photoelectron. The binding energy of Auger electrons is
constant despite changing the X-ray source, while that of photoelectrons is
changed. = The other difference between AES and XPS is the beam size and
the intensity in spectrum. Usually, the beam size of AES is smaller than that
of XPS and can be controlled by electric field, local area of sample can be
analyzed by AES. The intensity in spectrum of AES is lower than that of
XPS, the interpretation of spectrum of AES is performed using derivative
spectrum, instead of original spectrum because the intensity of AES is weak as
mentioned above.

AES instrument is similar to the XPS instrument, it is composed of
electron source, electron energy analyzer, and detector. Electron sources can
be divided to two types, thermionic and field emission electron source. It
resulted from the different method to generate the electron from the filament.
When the filament is heated sufficiently, the electron is emitted by overcoming
the work function of filament material. The relationship between thermionic
current and temperature is presented by Richardson equation [2.3] given as

below,
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J=A0-7)T*exp (—%) [A/cm?]

where, J = current density,

A = Richardson constant, whose ideal value is 120 A/(cm? deg?),

but which varies with material,

7 = zero-field electron reflection coefficient,

T = absolute temperature,

e¢ = work function.
The higher temperature leads to increase the amount of emitted electrons.

Field emission is based on the tunneling effect. The reduction of the

height of the work function barrier is occurred by high electrostatic field and
then electrons come out from the filament even at room temperature. The
field emitted electron current is deduced from following equation, Fowler-

Nordheim expression [2.4] given as following,

-6 2 7 3/2
;_L55x10°E exp(_6.86x10 (e¢)”*6(x)

5 j [A/cm?]

ep
where, E = Field strength,
0(x) = Nordheim elliptic function, in which x = 3.62x107* EV?/eg.
It means that the current density is dependent on the field strength and work
function. As field strength is increased, work function is decreased and then
current is increased and electrons are easily escaped the filament material.
Thus, the work function of material is important factor for selection of

filament in the electron source. Usually, W filament and filament coated with
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LaBs is commonly used for electron source. Adsorption of impurities on the
filament 1s also considered, because it could be increase the work function.
Thus, increasing the filament current slowly is needed to remove the residual
gases and UHV environment is equipped to prevent the increase of the work
function.

Fig. 2.6 shows the diagram of LEG200 electron gun installed in our
EES system [2.5]. It is thermionic electron source and the V-shaped tungsten
filament is in the extraction electrode, Wehnelt cylinder. The end of filament
and the hole of Wehnelt is aligned by a jigging arrangement or optical means.
After the alignment of filament, the path of emitted electron beam from the
filament is controlled by alignment screws and bellows. There are two
condenser lenses and an objective lens.  Among the two condenser lenses,
one has the variable potential for controlling the spot size and the other has the
constant potential. To focus the electron beam, the potential of objective lens
is changed. And the stigmator poles are corrected any astigmatism.  The
scanning poles which are located at the end of gun are used for scanning the

electron beam.
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Fig. 2.6 LEG200 electron gun.
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2.3 Ultraviolet Photoelectron Spectroscopy (UPS)

Ultraviolet photoelectron spectroscopy (UPS) is one of the surface
analysis techniques in the photoemission spectroscopy (PES). XPS is also
one of the PES techniques. The schematic diagram of PES is shown in Fig.
2.7. The spectroscopy where the X-ray photon with sufficient energy is used
to eject the electron in core level is XPS and the spectroscopy achieved with
UV is UPS. Because the energy of UV is lower than that of X-ray, the
detected electrons are coming from valence band rather than core levels in
UPS as shown in Fig. 2.7 (a). Normally, electrons with the kinetic energy in
the range from 10-1000 eV is escaped from the solid during photoemission
experiment, some electrons are collided with other electrons and lost their
kinetic energy. This process is inelastic scattering and the lowest kinetic
energy of inelastically scattered electrons is 0 €V. From the figure, the work

function of sample, @sample, 1s calculated by

¢mmple = hv—(Fermi edge - Secondary edge) .

The detection of Fermi edge is much easier in UPS than XPS, UPS is used to
obtain the work function of sample usually. Fig. 2.7 (b) shows the UPS
spectrum without any bias on the sample and it revealed the Fermi edge and
secondary electrons, no peaks from core levels. Because the work function
of detector is commonly lower than that of sample, secondary electrons of
sample and detector are overlapped and the secondary edge of sample is not

clearly observed. It can be corrected by application of bias on the sample and
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(a) (b) UPS spectrum without bias (c) UPS spectrum with bias
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Fig. 2.7 Schematic diagram of photoemission spectroscopy process and UPS spectrum.
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the result is shown in Fig. 2.7 (c).

Generally, UV source is a gas discharge lamp. After the introduction
of inert gas into the inner of lamp with a suitable pressure and application of
voltage about 2 kV, the discharge is occurred and the UV light is obtained.
The gas pressure of the UV lamp is higher than the pressure of analysis
chamber, the pressure difference is maintained by differential pumping using
the combination of RP and TMP. The energy of UV source is determined by
the gas in the discharge lamp. Helium gas is commonly used to generate the
UV light, the energy of He I source is 21.2 ¢V and it has high photon yield and
stable for a long time [2.6]. While He II source has 40.8 eV, greenish color,
and low intensity, it works in low pressure. The other gases used for UV

sources are Ne 1 (16.8 e), Ne II (26.9 eV), and Xe (8.437 eV) [2.6].
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CHAPTER III. Copper Oxide Thin Films

3.1 Introduction

There are two different copper oxide (CuOx) with different oxidation
states, CuO (cupric oxide or tenorite) and Cu20 (cuprous oxide or cuprite).
Out of these Cu oxides, Cu20 is an attractive material to researchers because
Cu20 is a p-type semiconductor with a direct band gap of 2.0-2.6 eV [3.1-3.3]
suitable for photovoltaic devices [3.4,3.5], while that of CuO is 1.2-1.5 eV [3.6]
and CuO is occasionally considered as an n-type semiconductor. In addition,
Cu20 has highly optical transparency in visible light region, nontoxicity, and
low cost for productivity.  Besides, Cu20 thin film has high recombination
energy of exciton and theoretical power conversion efficiency of 20% based
on radiative recombination mechanism under air mass 1 (AM1) condition [3.7].
These advantages make Cuz20 . thin film possible to apply in optical
photovoltaic devices such as inorganic solar cells [3.7-3.9] and organic solar
cells (OSCs) [3.10,3.11].  Although Cu20 has great advantages for the
applications in optical photovoltaic devices, the difficulty of growth of single
phase Cu20 without CuO contamination still remains. Various deposition
methods for the formation of Cu20 have been attempted such as
electrodeposition [3.12], sol-gel techniques [3.13], pulsed laser deposition
[3.14], thermal and chemical oxidation [3.15,3.16], spraying [3.17], plasma

evaporation [3.18], and sputter deposition [3.19,3.20]. The physical and
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chemical properties of the films are affected by the deposition method as well
as its conditions. In addition, it can also be influenced on the electrical
properties, for example, band gap. Therefore these large variations can make
CuOx films suitable for many applications. Among a variety of deposition
methods, radio frequency (rf) magnetron sputtering is the most commonly
used method to synthesize films with splendid quality.

Chapter 3.2 is focused on the control of the compositional ratio of
cuprous to cupric oxide and preferential phase in CuOx films deposited on
flexible polyethyleneterephthalate (PET) substrates by varying rf power and
O2 gas ratio during rf sputtering process.  Studies about the quantitative
assignment of compositional ratio of metallic Cu and Cu" by X-ray
photoelectron spectroscopy (XPS) are very sparse because of the complexity
due to the final state effect on Cu® and Cu”. Therefore the assignment of the
ratio of Cu species with different oxidation states were.applied by X-ray
induced Auger electron spectroscopy (XAES) peak analysis.

The study about CuOx thin films prepared by reactive rf magnetron
sputtering on p-type Si(100) substrate at various substrate temperatures were
introduced in the chapter 3.3. The substrates were annealed in the range from
room temperature to 573K during deposition. The effect of substrate
temperature on the structural, physical, chemical, and wetting properties of the

CuOx thin films was investigated.
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3.2 Effect of rf Power and Oxygen Gas Ratio

3.2.1 Experimental

In this research, we examined the CuOx thin films deposited by rf
magnetron sputtering with different rf power and Oz gas ratio. In order to
check the feasibility of CuOx for flexible photovoltaic devices, CuOx thin
films were deposited on flexible polyethyleneterephthalate (PET) substrates.
The distance between metallic Cu target (3 inches in diameter) and PET
substrate (125 pm in thickness) was fixed at 11 cm and the substrate was
rotated during deposition with a constant'speed. The base pressure of the
sputtering chamber was maintained at 2.4x10°® Torr by a rotary vane pump
and a turbo molecular pump and the working pressure was kept at 1.1 mTorr
by mass flow controllers. Arand Oz gases were used to obtain the CuOx thin
films as a sputter and reactive gas, respectively.  The flow rate of Ar gas was
fixed at 30 sccm and that of Oz gas was varied in the range of 0-10 sccm.
The detailed sputtering condition was listed in Table 3.1.  Furthermore,
various rf powers (200, 300, and 400 W) were employed to investigate the
formation of cuprous and cupric oxide thin films. In order to exclude the
temperature effect on the flexible substrate, the substrate was cooled at 20°C
by a chiller during the sputtering process. The surface resistance was
evaluated by four-point probe method (Mitsubishi Chemical Corp., Loresta-
GP (MCP-T600), Japan). X-ray diffraction (XRD, PANalytical, X Pert Pro,

Netherlands) experiments were performed for phase identification with the
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diffraction patterns. The scanning electron microscopy (SEM, JEOL, JSM-
6700F, Japan) was performed for investigation of the surface morphology of
the films. The chemical nature of the films was examined by XPS (VG,
MultiLab 2000, UK). To assign the oxidation state of Cu species in CuOx
films, high resolution XPS spectra and XAES were deconvoluted using
XPSPEAK software (version 4.1). For the detailed information about the

equipment was posted in the published papers [3.21,3.22].

3.2.2 Results and Discussion

The surface resistance of CuOx films was measured and shown in Fig.
3.1. In case of the films obtained at 200 and 300 W of rf power, the surface
resistance increased as the Oz gas ratio increased up to 14.3%. Because the
conductivity of Cuz0 is lower than that of CuO, the increase of surface
resistance indirectly proved the formation of Cu2O [3.23]. After that, the
resistance of the film obtained at 25.0% of Oz decreased about 10 folds in
magnitude. It is worth to note the propensity of surface resistance of the
films obtained at 400 W of rf power. The monotonic increase of the
resistance as a function of Oz gas ratio implies that the formation of CuzO.
Therefore the compositional ratio of CuO in the CuOx films obtained at 25.0%
of Oz deposited at 400 W is not as significant as the films obtained at 200 and

300 W.
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Table 3.1 Oz gas flow rate and the ratio of Oz gas in the sputter gas.

flow rate

00 01 03 05 07 1.0 20 3.0 50 10.0
[sccm]

ratio[%] 00 03 10 1.6 23 32 63 91 143 250

1e+7 -

-
(]
+
»

1e+5
1e+4 -
1e+3 1
1e+2 -
1e+1
1e+0 A
1e-1 1

Surface Resistance [Q/sq]

0 5 10 15 20 25
O, Gas Ratio [%)]

Fig. 3.1 Surface resistance of CuOx films as a function of Oz gas ratio
increased from 0.0 to 25.0% at various rf power.
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The effect of Oz gas ratio and rf power on the crystallinity of the CuOx
films was investigated with XRD. The XRD patterns of the CuOx films
obtained at 200, 300, and 400 W of rf power with various O2 gas ratios are
shown in Fig. 3.2. The peak for PET at 46.6° was detected that could be
caused from the defect sites of the CuOx films. Metallic cubic Cu(111) phase
and Cu(200) were observed at 43.3° and 50.4° from all the films obtained at
0.0% of O2 gas ratio regardless of rf power [3.24,3.25]. The decrease of
Cu(111) peak intensity, when the Oz gas ratio increased from 0.3% (200 W)
and 0.0% (300 and 400W) to 3.2%, maybe resulted from the oxidation of Cu.
This indirectly explains the formation of CuOx films. At the oxygen gas ratio
of 1.6% with 200 W, evolution of features at 36.4° and shoulder at 42.3° was
detected which could be assigned to cubic Cu20(111) and Cu20(200) [3.25].
Further increase of Oz gas ratio to 6.3% with 300 and 400 W of rf power also
caused Cu20 formation.. Noticeably, the films obtained at 200 W showed
Cu0(202) peak at 58.4>and CuO(022) peak at 65.8° with 14.3% of Oz gas
ratio while that at 300 and 400 W showed only Cu20 features. When the O2
gas ratio increased to 25.0%, all Cu20 peaks decreased and monoclinic CuO
peaks were dominant from the CuOx films obtained with 200 and 300 W of rf
power [3.26]. The Cu2O(111) peak, however, did not decreased but
increased when the rf power was 400 W. Comparing the XRD peaks of the
CuOx films obtained at 25.0% of Oz gas ratio with different rf powers, the
dominant phases were monoclinic CuO obtained at 200 and 300 W and cubic

Cu20 obtained at 400 W for the CuOx films, respectively. And the
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Fig. 3.2 XRD patterns of CuOx films obtained at various O2 gas ratios with (a)
200 W, (b) 300 W, and (c) 400 W of rf power. The hollow circles represent
for metallic Cu, the filled circles represent for Cu20, and the shaded squares

represent for CuO. The number in the box shows the O2 gas ratio.
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preferential crystal phase of CuOx was changed from cubic Cu(111) through

cubic Cu20(111) to monoclinic CuO(il 1) by increase of oxygen gas ratio.

Fig. 3.3 shows the representative SEM images of CuOx films obtained
at 200, 300, and 400 W of rf power. At the O2 gas ratio was 0.0%, the
aggregated granular morphologies were observed for all CuOx films. When
the O2 gas ratio was increased to 9.1%, the shape of CuOx films were not
noticeably changed. However, the filed flake shape was observed from the
films obtained at 14.3% of Oz gas ratio with 200 W of rf power. The films
fabricated at 14.3% of Oz gas ratio with 300 and 400 W were maintained the
granular morphologies.  Further increase of O2 gas ratio to 25.0%, the
granular shape was disappeared at 300 W and the filed flake shape was barely
observed at 400 W. From the XRD results, cubic crystal phases were
dominant up to 9.1% of Oz gas ratio with 200 W, 14.3% of Oz gas ratio with
300 W and then monoclinic CuO was superior in the CuOx films. The
difference of the morphology; granule vs. flake, could be dependent with the
dominant phase of the CuOx films; cubic vs. monoclinic. It could be
confirmed that the films deposited at 14.3% of Oz gas ratio with 200 W and
25.0% of O2 gas ratio with 400 W were shown the similar XRD peaks and
SEM images.

Interestingly, the sizes of granule and flake were noticeably changed
depending on the O2 gas ratio and rf power. The size of granule of the
sample obtained at 0.0% of Oz gas ratiowas decreased with increasing the rf

power. When the Oz gas ratio was 9.1%, the size of granule for all CuOx
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Fig. 3.3 Representative SEM images of CuOx films obtained at various rf
powers and Oz gas ratios.

46

(“)Collection @ pknu



films was almost similar and it indicates that the size was independent on the
rf power at about 9.1% of Oz gas ratio. The size of granule at 14.3% of Oz
gas ratio deposited at 400 W was significantly increased while that at 300 W
was not changed. The Oz gas ratio was increased to 25.0%, the size of flake
was extremely small at 200 W and then increased with increasing the rf power.
The difference of the size of granule and/or flake between 200 and 400 W at
25% of Oz gas ratios was the largest among the various Oz gas ratios. As the
O2 gas ratio increased, the size of granule and/or flake decreased with lower rf
power while that increased with higher rf power. Therefore the growth of
granule and/or flake showed the different propensity with various rf power.

It concludes that the phase and morphology of CuOx could be manipulated by
O2 gas ratio and rf power.

Fig. 3.4 (a), (b), and (c) show the high resolution XPS spectra of Cu
2p core level of CuOx films obtained at 200, 300, and 400 W of rf power,
respectively. The charge accumulation effect of all spectra shown here was
corrected with an aliphatic carbon at 284.6 eV [3.27]. In Fig. 3.4 (a), the
sharp Cu 2p3.2 peak centered at 933 eV and the peak Cu 2p12 centered at 953
eV were increased up to 9.1% of Oz gas ratio. This means that the Cu20
and/or metallic Cu was grown with negligible formation of cupric oxide CuO
except for 200 W.  The noticeable CuO formation was observed when the Oz
gas ratio was 14.3% by evolution of satellite peaks at 942-946 eV, which is the
characteristic satellite peak of Cu?" [3.28]. The peak measured from the

films obtained at 14.3% of O2 gas ratio with 200 W is broader than those with
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Fig 3.4 High resolution XPS spectra of Cu 2p region of CuOx films obtained at
various O2 gas ratios at 200 W in (a), 300 W in (b), and 400 W of rf power in
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300 and 400 W. It revealed that the lower rf power leads to more rapid
oxidation of metallic Cu. And then the Cu 2p3,2 peak maximum shifted
towards the higher binding energy and distinct satellite peaks evolved over
14.3% of Oz gas ratio at 200 and 300 W of rf power. This implies that the
compositional ratio with different oxidation states of Cu changed. The
characteristic satellite peaks of Cu corresponding to Cu 2p32 and Cu 2p12 were
shifted to higher binding energy side as well [3.29]. When the CuOx films
were synthesized at 25% of Oz gas ratio with 400 W, the peak profile is not
broad and the development of satellite was not remarkable. It means that the
films were not fully oxidized in this deposition conditions. However, it is
difficult to differentiate between Cu’ and Cu’ by the XPS spectra of Cu 2p,
which were overlapped each other, due to the final state effect [3.30]. In
order to differentiate the oxidation states of Cu, XAES of Cu LMM was
performed [3.31] and the change of the oxidation state of Cu was clearly
observed with XAES spectra

Fig. 3.5 shows the high resolution XAES spectra of Cu LMM. As
the O2 gas ratio increased, the LMM Cu® peak decreased while those for Cu®
and Cu®' increased until 9.1% of O2 gas ratio with 200 W.  Further increase
of O2 gas ratio to 25.0% promoted oxidation of Cu species from Cu’ to Cu**
therefore the LMM of Cu®** was dominant at 25.0% of Oz gas ratio with 200 W
shown in Fig. 3.5 (a). In 300 W, the peak profile of Cu LMM region at 14.3%
of O2 gas ratio was similar to that at 9.1% of Oz gas ratio with 200 W. And

the LMM Cu" peak was not decreased comparing with the spectrum at 25%
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Fig. 3.5 High resolution XAES spectra of Cu LMM region of CuOx films
obtained at various Oz gas ratios with (a) 200, (b) 300, and (c) 400 W of rf
power. The number in the box represents Oz gas ratio.
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with 200 W.  From the films obtained with 400 W, the LMM Cu’ peak was
remained at 14.3% of Oz gas ratio therefore we can conclude that the oxidation
process of 200 W during increasing the Oz gas ratio was slower than that of
200 and 300 W.

Fig. 3.6 shows the representative deconvoluted XAES spectra of Cu
LMM of CuOx films deposited at 200, 300, and 400 W of rf power in (a), (b),
and (c), respectively. From the XAES results shown in Fig. 3.6 (a) and (b)
for 200 and 300 W of rf power, as the Oz gas ratio increased, the peak
intensity of Cu” (916.7£0.1 eV) increased as the Cu’ state (918.5+0.1 eV)
converted to the Cu” state. In addition, as the Oz gas ratio increased up to
14.3% then the major Cu species was changed from Cu to Cu?* (917.7+0.1
eV) at 25.0% of O2 gas ratios. The dominant Cu moiety, however, of CuOx
films deposited at 25.0% of Oz gas ratio and 400 W of rf power, shown in Fig.
3.6 (c), was Cu'... Thisresult is consistent with the results of electric property
measurement and XRD experiment. = The more Cu’" species, the lower
surface resistance and the higher portion of crystalline phase with lower
oxidation states of Cu.

Fig. 3.7 shows the compositional ratio of Cu species with different
oxidation states in CuOx films deposited at different condition deduced from
XAES of Cu LMM peak. When the O2 gas ratio was less than 10% (Region
1 in Fig. 3.7), Cu" and Cu®" increased as the Cu” species converted to these
two species and the Cu” seemed to be saturated near 10% of Oz gas ratio

regardless of the rf power. In Region 1, stepwise oxidation reaction of Cu
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Fig. 3.6 Representative deconvoluted XAES spectra of Cu LMM region of
CuOx films obtained at various Oz gas ratios with (a) 200, (b) 300, and (c) 400
W of rf power.
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Fig. 3.7 Percentage of Cu species of CuOx films obtained with various Oz gas
ratios and rf power determined with XAES of Cu LMM peaks.
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could be dominant as following reactions; 4Cu+0, — 2Cu,0 and
2Cu,0+0, > 4CuO. Most of the Cu sputtered from the target oxidized to

Cu20 and the Cu20 oxidized further to CuO as Oz gas ratio increased.
Therefore the content of Cu® decreased and those of Cu* and Cu®" increased.
When more than 10% of O2 was employed (Region 2 in Fig. 3.7), the Cu’
ratios were 6.7, 6.7, and 13.3% for the films deposited with 200, 300, and 400
W, respectively, at 25% of O2 gas ratio but the profiles of Cu" and Cu®" ratios
were changed as the O2 gas ratio increased. The profiles of increase in Cu**
ratio and decrease in Cu' ratio were dependent with the rf power in Region 2.
In this region, disproportionatien reaction of Cu20 is dominant as following

reaction; Cu,0 —Cu+CuO. By this reaction, more Cu® species sputtered

at higher rf power which shifts the equilibrium to the left by Le Chatelier’s
principle. Therefore the content of Cu' increased in CuOx films deposited at
high rf power while that of Cu?* decreased. Therefore the higher rf power

applied during the sputtering, the less Cu** formed.

3.2.3 Conclusion

CuOx thin films were deposited on PET substrates with various rf
power and O2 gas ratio to manipulate the compositional ratio of Cu20 to CuO
and the preferential crystalline phase in CuOx films to apply in OSCs. XRD
study revealed that the preferential CuOx phase could be controlled by Oz gas

ratio in the sputtering gas and rf powers as well. The dominant crystalline
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phase of CuOx films changed from metallic cubic Cu(111) through cubic

Cu20(111) to monoclinic CuO(i 11) as the Oz gas ratio increased to from 0.0
to 25.0%. The preferential phase change indirectly confirmed by SEM
images. Surface resistance increased up to 14.3% of Oz gas ratio and then
decreased about ten folds in magnitude of the films obtained at 200 and 300 W
of rf powers with 25.0% of Oz gas ratio. Which means that compositional
ratio of CuO is higher than that of CuO in the films because the surface
resistance of CuO is lower than cuprous oxide. XAES analysis revealed that
the compositional ratio of CuO increased up to 9.1% of Oz gas ratio in the
films regardless of rf power. Above 14.3% of Oz gas ratio, the amounts of
CuO decreased while the contents of CuO increased with different profiles
depending on rf power. This phenomenon had good agreement with the
result of electrical property of CuOx thin films. From the findings described
above, we can possibly control the compositional ratios of CuO and CuO and

preferential phase of CuOx films by varying rf power and the oxygen gas ratio.
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3.3 Effect of Substrate Temperature

3.3.1 Experimental

CuOx thin films were synthesized with metallic Cu target (99.9%, 2
inches in diameter) on p-type Si(100) wafer, which was cleaned by the HF
cleaning process to remove the surface oxide, using rf magnetron sputtering
method. The deposition chamber was evacuated using a rotary vane pump
and a turbo molecular pump to achieve 1.0x10~7 Torr of base pressure.
Highly pure Ar (99.99%) gas for sputtering of Cu target and O2 (99.99%) as a
reactive gas were used for CuOx deposition.. The introduced gases were
controlled by mass flow controllers, separately. The total gas flux was kept
at 20 sccm and the gas mixing ratio (O2/O2+Ar) was 50%. In order to clean
the Cu target and stabilize the plasma, pre-sputtering was performed for 1 hr
while the substrate was shielded. The deposition of CuOx thin films was
performed with a rf power of 40 ' W for 3 hrs after pre-sputtering process and
the working pressure was 50+0.5 mTorr. In our work, CuOx thin films were
obtained at different substrate temperatures from room temperature to 573K.

The thickness of the CuOx thin films was measured by cross-sectional
images of field emission scanning electron microscopy (FE-SEM, JEOL, JSM-
6700F, Japan). Another method to analyze the thickness of films was
spectroscopic ellipsometry (SE, J. A. Woollam, M- 2000D, USA) for cross
check. In addition, the SE data were used to determine the surface roughness

and direct band gap. The surface morphology of CuOx thin films was
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investigated using an atomic force microscopy (AFM, Veeco, Multimode
Digital Instruments Nanoscope Illa, USA) in contact mode. The root mean
square (rms) values were used to determine the roughness of the films. The
crystalline phase of CuOx thin films was investigated by XRD (PANalytical,
X’Pert MPD, Netherlands) with Cu Ka radiation in normal mode. The
chemical analyses of CuOx thin films were carried with XPS (VG, MultiLab
2000, UK). The detailed parameters for XPS analysis are described in
elsewhere [3.32]. The water contact angles of CuOx thin films were
measured with a customized contact angle analyzer to investigate the
hydrophilicity of CuOx films with 0.2 pL. of water droplet. = The measurement
of contact angle was performed in static contact mode and the contact angle of

obtained image was determined by Motic images analysis program (ver. 2.0).

3.3.2 Results and Discussion

The thickness of CuOx thin films was measured by FE-SEM images.
Fig. 3.8 shows the cross-sectional views of Cu-rt, Cu-373, Cu-473, and Cu-
573, respectively. The sample notation used here such as Cu-573 means that
the substrate temperature was 573K during CuOx deposition. As shown in
Fig. 3.8, the thickness of thin films is relatively constant about 180 nm and the
columnar structure was grown normal to the surface of Si substrate. The
thickness measured using SE analysis is listed in Table 3.2 for comparison.
There is a slight discrepancy between the thicknesses obtained by FE-SEM

and SE. This caused because the thickness measured from the FE-SEM

57

Collection @ pknu



(a) Cu-rt (b) Cu-373

100nm

100nm 100nm
Fig. 3.8 The cross-sectional SEM images of CuOx thin films obtained at

different substrate temperatures: (a) Cu-rt, (b) Cu-373, (c¢) Cu-473, and (d) Cu-
573.

Table 3.2 The parameters-of CuOx films obtained at different substrate

temperatures.
Cu-rt Cu-373 Cu-473 Cu-573
Thickness [nm], SE 154.8¢1.4 176.1+6.3  189.9+5.1  183.9+6.2
d-spacing [A], XRD 2.544 2.538 2.533 2.527

Grain size [nm], AFM  44.946.3 55.5+4.9 70.1£7.3 89.6+6.7
Roughness [nm], SE ~ 0.07+0.04 15.9+0.4 19.2+1.3 27.5£1.5
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images was ambiguous due to the surface roughness. The relatively constant
film thickness caused by the constant mixing ratio of sputter gas. Thus, the
film thickness was not affected by the substrate temperature in this study.

The crystal structure of CuOx films was characterized by XRD and
shown in Fig. 3.9. The diffraction angles of CuOx films were matched with

the monoclinic CuO [3.26]. The characteristic diffraction peaks of CuO of

(110), (i 11) and/or (002), and (111) phases were observed. All the CuOx

films obtained at different substrate temperatures possessed relatively weaker

intensity of (110) than other phases. The intensity of (i 11) and/or (002) was
increased up to 473K and then decreased with high preference. © The peak

intensity of (111) phase was increased at 573K. It could be certain that the

preferential growth of CuO changed from (111) and/or (002) to (111) phase
above 473K of substrate temperature. It is interesting to note that the peak
position shifted to higher diffraction angle by annealing during deposition. It
indicates that CuO crystals formed more packed crystal by highly mobile
active species and have a smaller lattice parameter as summarized in Table 3.2.
The crystal size of CuO was calculated by using the Scherrer’s equation to
verify the crystal size of the thin films. The crystal sizes obtained from peak
were 13.74, 16.77, 16.79, and 16.45 nm for Cu-rt, Cu-373, Cu-473, and Cu-
573, respectively. This phenomenon was observed in microwave dielectric
ceramic thin films by Shi et al. [3.33]. The results of the investigation of the

polycrystalline CuOx films annealed below 873K were reported that the
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Fig. 3.9 XRD patterns of the CuOx thin films as a function of substrate
temperature.
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polycrystalline phases were converted to single crystalline or continuously
existed as mixing phases of Cu20 and CuO [3.34,3.35] According to the
equilibrium phase diagram of the Cu-O system, CuO is the stable phase up to
573K even at low oxygen partial pressure [3.36]. Therefore the formation of
CuO phase was reasonable and the substrate temperature affected on the
quality of crystal, preferential orientation, not the crystal phase in CuOx thin
films synthesized by rf magnetron sputtering. The kinds of crystal structure
were not affected but the preferential orientation was affected by annealing
temperature.

Fig. 3.10 shows AFM images and the roughness (Rms) values of CuOx
films. The average grain sizes of CuOx thin films are summarized in Table
3.2. The grain size increased as the substrate temperature increased. This
can be explained by the thermal energy, which is supplied by annealing
process, used for filling the micro-voids or defects among columnar structures
by active species. So the grain size increased by annealing and this caused
the increase of roughness. This phenomenon shows agreement with the
previous study about the relationship between roughness and grain growth
[3.37,3.38].

The chemical analysis, which extensively focused on the oxidation
state of elements, was performed by XPS. The high resolution Cu 2p XPS
spectra are shown in Fig. 3.11 (a) and the representative deconvoluted Cu 2p3.2
peaks for Cu-rt and Cu-573 are shown in Fig. 3.11 (b) and (c), respectively.

The XPS spectra of Cu 2p showed characteristic doublet peaks with 20 eV of
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Rye: 4.80 " Ry 5.70

Fig. 3.10 AFM images of CuOx thin films deposited at different substrate
temperature (a) rt, (b) 373, (c) 473, and (d) 573K. X scale is 2 pm and Z
scale is 40 nm for the images. The surface roughness (Rms) was 2.70, 3.05,
4.80, and 5.70 nm in (a), (b), (c), and (d), respectively.
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(a) Cu2p 2p,,

(c) Cu-573
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Fig. 3.11 (a) High resolution XPS spectra of Cu 2p of CuOx thin films
obtained at different substrate temperature, sat. means the satellite shake up
peak of CuO. The deconvoluted spectra of Cu 2ps32 at (b) Cu-rt and (c¢) Cu-
573.
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spin orbit splitting (SOS) and the shake-up satellite peaks were observed at
about 7 and 9 eV of binding energies higher than that of Cu 2p peak [3.32].
The existence of satellite peaks indirectly indicates the formation of CuO
[3.28]. These results are cross matched with the results of XRD. The Cu
2p32 peaks were curve fitted with three species corresponding to Cu20 (933.20
eV, FWHM: 1.56 eV), CuO (934.34 ¢V, FWHM: 1.56 ¢V), and Cu(OH)2
(935.61 eV, FWHM: 1.67 ¢V) [3.36,3.40]. As shown in Fig. 3.11 (a), no
significant difference was detected in the Cu 2p XPS spectra of CuOx films.
As mentioned previously, only the crystalline CuO peak was detected from the
CuOx films in XRD study, however the coexistence of CuO and Cu20 was
confirmed by XPS investigation. From the above observation, it may be
concluded that Cu20 existed as an amorphous phase and CuO grew
preferentially in monoclinic crystal phase. In addition, the oxidation of Cu
was almost independent of the substrate temperature and Cu20 and CuO were
coexisted with constant mixing ratio (Fig. 3.11 (b) and (c)).

In the high resolution XPS spectra of O 1s region (Fig. 3.12), the
deconvoluted O 1s peaks were assigned for three species, O-Cu bond (529.56
eV, FWHM: 0.95 eV), O-C bond (531.07 eV, FWHM: 1.17 V), and surface
oxygen (O-Surf., 531.85 eV, FWHM: 1.27 eV) from low to high binding
energy (Fig. 3.12 (b) and (¢)). Even though the deposition was carried in
high vacuum condition, the residual carbon contaminants in the deposition
chamber were attributed to the formation of carbonyl species [3.41]. The

third species, surface oxygen, indicated that hydroxide species caused by the
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Fig. 3.12 (a) High resolution XPS spectra of O 1s from CuOx thin films

obtained at different substrate temperature.

(b) The deconvoluted spectra of

O 1s in CuOx films obtained at rt and (c) at 573K.
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residual hydrogen species such as water in the deposition chamber and
adsorbed on the surface to form Cu(OH)2 [3.42]. The ratio of Cu(OH):
calculated from O 1s XPS spectra decreased with increase of the substrate
temperature and it is consistent with the result of Cu 2p XPS spectra. This
means that the ratio of CuOx increased as the substrate temperature increased
and the transformation between Cu20 and CuO was undetectable below 573K.

The contact angles of CuOx thin films were measured to check
hydrophilicity of the CuOx films and the images for all CuOx films are shown
in Fig. 3.13.  CuOx thin films obtained at high substrate temperature have
more hydrophobic surface than that obtained at low temperature, confirmed by
the higher degree of the contact angle of water on the CuOx films. This
observation is opposite with the common Wenzel’s model [3.43] which is
good model for homogeneous wetting surface, the contact angle decreased as
the roughness of the surface increased. = This could be explained by lotus
effect [3.44]; the surface wettability is changed from hydrophilic to
hydrophobic as the roughness increased. The wettability is attributed to the
composition and roughness of the surface. From the XPS results, the
composition of CuOx thin films was not the major factor of the increase of
contact angle. Therefore the contact angle in this study was affected by the
surface roughness and grain size. According to the AFM and SE results, the
roughness and grain size increased as a function of substrate temperature. As
a result, the contact angle was significantly dependent on the substrate

temperature.
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(a) Cu-rt, 70.1°40.4° (b) Cu-373, 80.0°+3.2°

e Wa Y

(c) Cu-473, 83.6°+1.6° (d) Cu-573, 95.1°+0.8°

O

Fig. 3.13 The images of contact angle measurement for Cu-rt in (a), Cu-373 in
(b), Cu-473 in (c), and Cu-573 in (d). = The numbers-in the figure indicate the
measured contact angles.
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To investigate the optical properties of CuOx thin films, SE
measurement was performed on the CuOx thin films. SE measurement was
based on the change in the state of polarization of light. A polarized beam of
monochromatic or quasi-monochromatic light is incident on a sample, the
reflected light which is polarized in an unknown state is examined. The
analysis of the incident and reflected states of polarization was performed to
adjust the calculated spectrum which is matched the measured spectrum. The
calculated spectrum was created in the construction on the model of sample,
where the structure and composition of sample was expressed as the model.
By controlling the model parameters, we can obtain the well matched
calculated spectrum with the measured spectrum. Finally, the information
such as thickness, surface roughness, refractive index, and etc. were collected
from SE.

Two experimental parameters (¥, A) were obtained from SE. The ¥
is defined as the arctangent of the amplitude ratio of the decrease of the field
intensity of the parallel and senkrecht waves and A is defined as a phase
difference of the two waves [3.45]. In this research, only ¥ spectra was
considered and the plot of ¥ values versus photon energy presents in Fig. 3.14.
The data points were reduced to 1/5 to easily detect the samples. The optical
model of CuOx thin films was composed by three layers. The bottom layer is
a Si wafer which is set to 1 mm for thickness, the middle layer is a genosc
layer described the oscillators, and the top layer is a surface roughness of

CuOx thin films.  As shown in the Fig 3.14, the peak shape of CuOx thin

68

Collection @ pknu



40

2 3 4 5 6
Photon Energy [eV]

Fig. 3.14 The calculated ¥ spectra for CuOx thin films with different substrate
temperature.
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films deposited at rt was different with that obtained at higher substrate
temperature. And the maximum peak position was shifted to lower photon
energy with increasing the substrate temperatures. This means that the
thickness of thin films was decreased and an accurate thickness and roughness
of CuOx thin films were listed in Table 3.2.

The optical parameters obtained from SE, such as refractive index (n),
extinction coefficient (k), and dielectric constants (€1, €2) were shown in Fig.
3.15. Fortunately SE provides dielectric constants and two constants (g1, €2)
can be calculated by [3.46],

g, =n’-k’, & =2nk
where €1 is the real part and €2 is the imaginary part of the dielectric constant.
These four graphs showed the similar results with the ¥ spectra. The Cu-rt
spectra are distinct from Cu-373, 473, and 573. Entirely, the refractive index
was decreased with increasing the photon energy.  In the graph of extinction
coefficient, the number of peak maximum is one for Cu-rt at about 2.4 eV and
that is two for other films at about 2.4 and 3.9 eV. Especially the peak
maximum at about 3.9 eV was shifted to lower photon energy with increasing
the substrate temperature. As shown in Fig. 3.15 (¢) and (d), these spectra
are almost coincident with Fig. 3.15 (a) and (b), respectively.

The other important information from SE is absorption coefficient (o).
This parameter was usually calculated from the following relationship from

UV-vis spectra [3.47]
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Fig. 3.15 The variation of (a) refractive index, (b) extinction coefficient, (c)
real parts of the dielectric coefficient, and (d) imaginary parts of the dielectric
coefficient with photon energy.
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1. (1-R?
o=-In
t T .

where t is the thickness, R is the reflectance, and T is the transmittance of the
films. In this study, the absorption coefficient was figured out using

following relationship [3.48],

The absorption coefficient as a function of photon energy is shown in Fig. 3.16.
Similarly other optical results, the absorption coefficient spectrum of Cu-rt has
different propensity with those of other films. The absorption coefficient of
all films was gradually increased to 2.4 eV. And the broad peak was
observed in the Cu-rt. However the spectra of samples obtained at higher
substrate temperature than rt seemed to be continuously increased and the
value of absorption coefficient reaches to 3.67x10 2 m ! at 3.45 ¢V for Cu-573.
The optical absorption spectra are commonly divided in three regions,
absorption tail, exponential edge, and high absorption region [3.46,3.48].
The first, absorption tail is contained the region below 1.7 eV of photon energy
and it shows the quality of amorphous and crystalline films, for example, the
observation of long tail and its related peaks in the absorption tail region could
be caused from the defects and impurities in the films [3.49]. The second,
exponential edge is strongly connected with the structural randomness of the

sample. And the final, exponential edge uses to obtain the optical band gap.
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Fig. 3.16 The absorption coefficient with photon energy for CuOx thin films
with different substrate temperature.
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In the absorption tail and exponential edge region, Urbach energy, Eu,

or the width of band tails of the localized states was determined by Urbach law

o=a exp[hvj
=q, -
E, J,

where o, isa constant depending on the photon energy. The above

[3.46,3.48],

relationship is applied to logarithm, the plot of In a as a function of photon
energy gives the value of Urbach energy from slope. The graph of In a
versus photon energy is shown in Fig. 3.17.  The region from 1.25 to 2.10 eV
contains two distinct regions, where two different slopes exist. = Two Urbach
energies, Eu1 for absorption tail region and Ew for exponential edge region
were calculated from the slope of the tangent. The resulted values of Urbach
energies for different substrate temperatures are given in Table 3.3 and those
were increased up to Cu-473 and then decreased.

The most important purpose to use the SE is the estimation of the
optical band gap, Eg, of the thin films using the plot of the absorption
coefficient versus the photon energy. The analysis of the optical band gap is

based on the equation as Pankove [3.47]
ohv=B(hv-E,)",

where B is a constant depending on the transition probability, P is an index
that indicates the optical absorption process and is theoretically equal to 1/2, 2,

3/2, and 3 for direct allowed, indirect allowed, direct forbidden, and indirect
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Fig. 3.17 The plot of In a versus photon energy for (a) Cu-rt, (b) Cu-373, (¢)
Cu-473, and (d) Cu-573.

Table 3.3 The optical parameters of the CuOx thin films obtained at different
substrate temperature.

Cu-rt Cu-373 Cu-473 Cu-573
Ee [eV] 2.30+0.17 2.98+0.04 3.06+0.03 2.93+0.05
Eu [meV]  403.01261.43  673.9846.75  624.64+1.14  554.74+3.82
Ew [meV]  368.35+78.04  609.42+7.71  542.90+5.72  458.94+12.94
0.0048 0.0143 0.0201 0.0333
12 -1
BleV m] +0.0005 +0.0003 +0.0003 +0.0054
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forbidden transitions, respectively. Using the equation, four spectra were
plotted and the best plot which has linear portion of CuOx thin films was the
direct allowed transition spectra. The direct allowed band gap, shown in Fig.
3.18, was determined by the x-intercept of the extrapolating line of tangent
line. The obtained direct band gap values showed blue shift up to 473K and
then red shift was observed. This phenomenon was also reported in CuOx
thin films deposited by thermal oxidation of metallic Cu films between 373
and 723K [3.50]. The optical band gap was determined by several
parameters such as the grain growth, crystallinity, and stress of the films. It
is well known that the increase of grain size could cause the red shift [3.51].
In this study, the grain size of CuOx films monotonically increased with
increasing the substrate temperature from AFM result. This implies that the
grain size was not the dominant factor to change the direct band gap. To
understand the effect of crystallinity on the variation of direct band gap, the
physical model of the CuOx thin films should be considered. All samples
have monoclinic CuO and amorphous CuO2 and Cu(OH)2.  This propensity
of the band gap change, blue shift then red shift, is the same as the intensity
change of the peak of monoclinic CuO. The intensity was increased with
increasing the substrate temperature up to 473K then decreased at 573K. In
order to verify the final factor, stress, it is reported that the stress was
decreased with increasing the film thickness [3.52]. In this study, the
thickness of CuOx thin films analyzed by SE data was slightly increased up to

473K and then decreased at 573K (Table 3.2). It is helpful to think that the
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Fig. 3.18 Plots of (ahv)? versus photon energy of the CuOx films under various
substrate temperature. The tangent lines were calculated from the data points.
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stress of the films decreased and then increased at 573K. If the shift of the
direct band gap was attributed to the stress in the CuOx thin films, the band
gap should be red shifted then blue shifted. However, our band gap
measurement shows opposite propensity with the film thickness. Therefore
we can conclude the band gap shift is strongly affected by the preferential
growth in phase. We should note the (ahv)? values at about 2.5 eV of photon
energy on Cu-rt. This may be caused by lack of perfectness of the CuOx

films or more than one direct band gap states exist in the CuOx sample.

3.3.3 Conclusion

The CuOx thin films were synthesized by reactive rf magnetron
sputtering from metallic Cu target. During the deposition process, the sputter
gas mixing ratio maintained in constant level, but the substrate temperature
increased from rtto 573K.  According to the XRD and XPS results, the CuOx
films consist of monoclinic CuO and amorphous Cu20 and Cu(OH)2. The
phases of CuOx were not affected by substrate temperature, while the
roughness of films increased with increase of the substrate temperature. The
crystal size and contact angle increased as the substrate temperature increased.
The increase of the roughness was depending on the grain growth. The
hydrophobic character of the CuOx films was detected by increase of substrate
temperature. The direct band gap shift was observed initiating blue shift up

to 473K and then converted to red shift.
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CHAPTER IV. Molybdenum Oxynitride Thin Films

4.1 Introduction

Transition metal oxynitride thin films are attractive materials for a
wide range of applications due to the superior properties of metal oxynitrides
which have a dielectric oxide and metallic nitride compound. Despite the
superb characteristics of metal oxynitride, most studies have focused only on
either oxide or nitride films.  In particular, group VI elements have attracted
less attention than other transition metals, such as titanium [4.1,4.2], zirconium
[4.3,4.4], and iron [4.5].

In the last decade, Mo oxides have become an important material
system for applications in electrochromic and photochromic devices in the
solar cell industry [4.6,4.7], active and selective catalysts [4.8,4.9], and gas
sensors [4.10]. Moreover, Mo nitride has been considered as an excellent
material for wear and corrosion resistant coatings [4.11,4.12], diffusion
barriers in semiconductors [4.13], and catalysts for reactions, including
hydrodenitrogenation and dehydrogenation [4.14,4.15]. Therefore, Mo
oxynitride (MoNxOy) is a potential material system which has both
characteristics of Mo oxides and nitrides. Shen and Mai reported residual
stress and structural properties of DC-sputtered MoNxOy for diffusion barrier
applications [4.16]. The crystal structure of DC-sputtered MoNxOy films was

studied by Riviere’s group [4.17]. The as-deposited MoNxOy thin film
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showed meta-stable phase, hexagonal 6-MoN, and cubic 6-Mo2N structures;
after annealing at 873K the substrate peaks dominated. In this work,
MoNxOy thin films were deposited on a p-type Si(100) substrate by a reactive
rf magnetron sputtering method, which is one of the most commonly applied
methods for the preparation of thin films. We focused here on the effect of

the N2 gas ratio on the physical and chemical properties of MoNxOy films.
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4.2 Experimental

MoNxOy thin films were deposited on a p-type Si(100) substrate by
reactive rf magnetron sputtering using a metallic Mo (99.95%, Tasco) target
with a diameter of 50 mm and a thickness of 5 mm. The deposition chamber
was evacuated with a turbo molecular pump backed by a rotary vane pump to
achieve 4.0x1077 Torr of base pressure. The water cooled target was
installed at the bottom of the chamber and the substrate was cooled by a chiller.
The Si(100) wafer was cleaned with 2% HF solution and then it was blown
with dry N2 gas before introduction into the sputtering chamber. The target
was pre-sputtered for 1 hr with #f (13.56 MHz) power of 30 W to stabilize the
plasma and clean the target while the substrate was shiclded by a stainless
steel shutter. The preparation of the films was carried out with rf power of
30 W for 4 hrs. The substrate was kept at room temperature and the
sputtering gases of high-purity argon (99.99%) and nitrogen (99.99%) were
controlled by independent-mass flow controllers. = The introduced N2 gas ratio
was calculated by dividing the N2 flow rate by the total flow rate of argon and
nitrogen (N2/Ar+N2). The working pressure was maintained at about 48
mTorr and was monitored by a convectron gauge during the deposition
process.

The thickness of the thin films was measured by FE-SEM (JEOL,
JSM-6700F, Japan). The surface morphology of the MoNxOy thin films was
investigated by AFM (Veeco, Multimode Digital Instruments Nanoscope Illa,

USA) in contact mode. The images of the MoNxOy thin films were obtained
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in two data types, deflection and height type and the 3D images shown here
were converted from the deflection-type data. The surface roughness of the
thin films was obtained from AFM images as well. XRD (PANalytical,
X’Pert-MPD, Netherlands) was used to analyze the crystal structure of the
films. CuKa (A=1.5406 A) radiation and a 0.02° step size were applied for
the XRD study. Chemical analysis was performed with XPS (VG, MultiLab
2000, UK) [4.18]. The X-ray source was monochromatic Al Ka (1486.6 eV).
The base pressure of the XPS chamber was kept at 2x107'° Torr.  The survey
XPS spectra were taken with a pass energy of 50 eV, a dwell time of 50 ms
and an energy step of 0.5 eV. High-resolution XPS spectra such as Mo 3d, O
Is, N 1s, and the valence band region were taken at a pass energy of 20 eV and

other parameters were kept the same as the survey spectra.
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4.3 Results and Discussion

The thickness of the MoNxOy thin films was examined by FE-SEM
shown in Fig. 4.1. The thickness of MoN-0 was about 1000 nm and a
columnar structure was observed. The sample notation used here, such as
MOoN-50, refers to the MoNxOy films obtained at 50% ratio of N2 in the
sputtering gas.  As the N2 gas ratio increased, the thickness decreased to
about 75 nm in MoN-100. This phenomenon agreed with previous results
found by our group [4.19]. As the ratio of Ar gas (which acted as sputter gas)
decreased, the sputter yield decreased. Therefore, the film thickness of
MOoNxOy decreased.

The surface morphology of the MoNxOy thin films was investigated
with AFM in contact mode as shown in Fig. 4.2. Note the z scales of the
AFM images.. The diameter of the column of regularly packed MoN-0 was
about 110 nm, obtained by cross-sectional images. At MoN-7, the diameter
of the column increased to-155 nm with irregular arrangement.  Fig. 4.3
shows the roughness of the MoNxOy films obtained at various N2 gas ratios in
root-mean-squared (rms) value. The roughness of MoN-7 was larger than
that of MoN-0 and the degree of roughness between MoN-3 and MoN-13 was
relatively constant. The roughness of MoN-27 was similar to that of MoN-0.
After this point, the roughness dramatically decreased in MoN-50. The
MOoNxOy films that had low roughness values seemed to have few voids as

shown in Fig. 4.2 (¢).
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Fig. 4.1 Representative FE-SEM cross-sectional images of MoNxOy thin films.
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Fig. 4.2 AFM images and roughness (rms) of MoN-0, MoN-7, and MoN-50
films in (a), (b), and (c), respectively.
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Fig. 4.3 The roughness-(rms) of MoNxOy thin films obtained at various N2 gas
ratios. The boxes are used to emphasize the selected samples used for
characterization, (a) MoN-0, (b) MoN-7, and (c) MoN-50.
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At low N2 gas ratios, the films were formed with preferential growth
of MoNxOy grain with micro-voids by rf sputtering process. When the N2
gas ratio was higher than 13%, enhanced energetic particles bombarded the
MoNxOy films. The bombardment by energetic particles during deposition
caused a relatively strong resputtering effect and increased the renucleation
rate at the void sites. This leads to denser and smoother films with fewer
voids. Therefore, the surface roughness in MoN-27 was lower than that of
MoN-7 and it continuously decreased until MoN-50 and then remained almost
constant. Similar results were reported by Tsai et al. about (TiVCrZrY)N
coatings with variation of the N2 flow ratio [4.20]. Xiao et al. reported that
the bombardment may decrease the surface energy that forms a smooth surface
on the films [4.21]. The influence of the resputtering and redeposition effect
on the MoNxOy thin films was also confirmed by SEM images. In this
research, a columnar structure of the MoNxOy thin films was observed in the
SEM images of MoN-0-and 7, but it disappeared in MoN-50.

The XRD patterns of the MoNxOy thin films are shown in Fig. 4.4.
Cubic Mo (c-Mo) (110) phase appeared in MoN-0 with 13.48 nm of the
crystalline size calculated by Scherrer’s equation. When nitrogen gas was
introduced into the sputter chamber, the c-Mo(110) peak decreased and the -
Mo2N (200) phase evolved. The y-MozN structure is a NaCl type structure
which has FCC sites occupied with Mo atoms and 50% of octahedral sites
occupied with N atoms [4.22]. Thus, the remaining vacancies of octahedral

sites in the thin films were occupied by incorporated oxygen atoms. Even
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Fig. 4.4 XRD patterns of MoNxOy thin films: (a) MoN-0, (b) MoN-7, and (c)
MoN-50.
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when an oxygen free environment was applied during the sputtering process,
the residual oxygen in the sputter chamber, such as H>O and CO2, contributed
to the formation of Mo oxynitride. This observation will be discussed in the
XPS results. In MoN-50, only a hexagonal Mo silicate (MosSi3(002) or
Mo3Si(200)) [4.19] peak was observed and it indicates that no other crystallite
structures involving Mo and nitrogen appeared; moreover, the MoNxOy film
was thin at high N2 ratio. Note the intensity of XRD peaks of MoN-7. The
intensity of the y- Mo2N (200) peak was weaker than that of the Mo silicate
peak in MoN-50. This indicates that the MoNxOy thin films have weak
crystallinity and/or form amorphous phase at nitrogen ratios above 7%.
However, the formation of amorphous films at higher N> gas ratio is
inconsistent with the previous research on the MoNxOy thin films deposited by
DC reactive magnetron sputtering [4.23]. Barbosa et al. reported that y-
Mo2N or c-MoNx and 6-MoN phases were formed at low or high N2 flow rates
with low oxygen concentration.. They also concluded that amorphous phase
was obtained for high oxygen content, 18 at.% of oxygen. From our XPS
analysis, the atomic percentage was calculated using atomic sensitivity factors:
2.750 for Mo 3d, 0.660 for O 1s, and 0.420 for N 1s. The obtained oxygen
contents on the surface of the MoNxOy thin films were 40.3 for MoN-0, 39.8
for MoN-7, and 41.5 at.% for MoN-50. This indicates that the content of
oxygen on the surface region of the films obtained with various N2 gas ratios
is almost constant. Shen and Mai reported that about 48 at.% oxygen existed

in the surface region and about 16-18 at.% oxygen remained in the bulk region
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of MossO19N26 film. The surface composition of about 40 at.% oxygen on
MOoNxOy thin films could be reasonable. For more accurate XRD analysis,
further investigation about the bulk composition of MoNxOy thin films will be
required.

Fig. 4.5 (a) shows the Mo 3d core-level high-resolution XPS spectra
of the MoNxOy films. Comparing the spectra before and just after (MoN-3)
introduction of N2 gas, the peak shape of the Mo 3d spectra was quite different
due to the pronounced Mo 3d peak in the high binding energy region. This
implies that several oxidation states of Mo 3d were formed in the MoNxOy thin
films. With further increase of the N2 gas ratio, no other significant change
was observed except the shape of the shoulder in the low binding energy
region. For better understanding of the chemical environment of the films, a
peak deconvolution process was performed; representative deconvoluted XPS
spectra of MoN-0, MoN-7, and MoN-50 are shown in Figs. 4.5 (b), (¢), and
(d), respectively. The Mo 3d spectra were decomposed to 6 doublet peaks
with 3.15 eV of spin-obit splitting (SOS). The lowest and highest binding
energies of Mo 3ds. are centered at 227.9 and 233.0+0.1 eV, respectively.
These binding energies were corresponded to Mo® and Mo®* [4.24]. The
other four peaks were assigned to Mo®" (0<8<3), Mo>", Mo*', and Mo®" from
low to high binding energy. Further introduction of N2 gas promoted
oxidation of Mo species which resulted in metallic Mo and Mo®" being
oxidized to a higher oxidation state of Mo, such as Mo®".  The portion of

Mo?*" and Mo*" in MoN-7 was dramatically increased up to about 50%, but
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(a) Mo 3d (d) MoN-50

MoN-100
MoN-50

MoN-27

cps [a.u.]

240 236 232 228 236 234 232 230 228
Binding Energy [eV]
Fig. 4.5 XPS spectra of Mo 3d region in (a) and deconvoluted Mo 3d XPS
spectra of MoN-0, MoN-7, and MoN-50 in (b), (¢), and (d), respectively.
The dots in the spectra represent the raw data and the lines represented the

sum of each Mo species. The vertical dotted lines are added to emphasize the
agreement of peak positions for MoN-0, MoN-7, and MoN-50 samples.
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that of Mo>" did not change noticeably. In MoN-50, the major Mo species
was Mo>" and the portions of other oxidation states, Mo>*, Mo*", and Mo®"
decreased or remained almost constant.  According to these results, we could
confirm that the major oxidation states of Mo changed from low oxidation
states (Mo? and Mo®") to Mo>* through Mo** and Mo*" with increased N2 gas
ratio. These Mo species, from Mo®" to Mo®" were attributed to MoNxOy
phase [4.25]. Notably, the lower oxidation states vanished after nitrogen gas
was introduced. This indicates that the introduction of nitrogen gas
effectively promoted oxidation of Mo species with low oxidation states. On
the other hand, Mo®" was immediately formed in nitrogen atmosphere, the
portion was not dependent on the N2 gas ratio. This Mo species could exist
in the form of Mo oxide and/or Mo oxyhydroxides.

To investigate the effect of N2 gas on the MoNxOy thin films, the N 1s
region was monitored. = Because the binding energies.of N 1s'and Mo 3p3.
overlap, deconvolution is necessary in this region as well. Curve fitting for N
1s was conducted after deconvolution of the Mo 3p spectra based on the result
of deconvolution of the Mo 3d XPS spectra. Peak deconvolution of the Mo
3p spectra was performed with 17.2-17.4 eV of SOS. Fig. 4.6 shows the XPS
spectra of the N 1s and Mo 3p regions (a) and representative deconvoluted
spectra of MoN-0 (b), MoN-7 (¢), and MoN-50 (d). The N 1s peak was
detected and the intensity of nitrogen increased in MoN-7 and MoN- 50. The
N 1s peak located at 397.6+0.1 eV is attributed to the Mo-N bond [4.26].

This reveals that the MoNxOy thin films were formed by the introduction of N2
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(a) N 1s, Mo 3p (d) MoN-50

cps [a.u.]

420 410 400 390 420 414 408 402 396 390
Binding Energy [eV]

Fig. 4.6 XPS spectra of N 1s and Mo 3p regions in (a) and deconvoluted N 1s
and Mo 3p XPS spectra of MoN-0, MoN-7, and MoN-50 in (b), (¢), and (d),
respectively. The gray lines indicate the Mo 3p spectra and the line filled
black indicates the N 1s peak.
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gas.

The high-resolution XPS spectra of the O 1s region was stacked in Fig.
4.7 (a) and the representative deconvoluted spectra of MoN-0, MoN-7, and
MOoN-50 are presented in Figs. 4.7 (b) to (d). As shown in Fig. 4.7, the
asymmetric O 1s peak was observed from all of the films and the peak profile
became sharp with increasing N2 gas ratio. The O 1s spectra were
decomposed with three different components: lattice oxygen (O?"), surface-
adsorbed oxygen, denoted as O~ and OH", and water molecules [4.26,4.27].
The deconvoluted peaks of O 1s showed that the thin films contained oxygen
species which could be originated from an oxide layer on the surface produced
naturally due to residual oxygen. Agouram ef a/. mentioned that the O 1s
peak positioned at 531.5+£0.1 eV could indicate the existence of ON™ in thin
films [4.28]. = Our XPS result agrees with their result that the binding energies
centered at 531.6+0.1 eV could be attributed to the ON-bond in MoNxOy films
and this oxygen species increased with increasing the N2 gas ratio. However,
a small amount of O 1s at this binding energy was detected in the MoN-0
spectra.  This could be originated from O™ and/or OH™. Therefore, the O
species at 531.6+0.1 eV in our study could be mainly contributed by O~, OH",
and ON". Interestingly, the peak intensity of ON~ was not dominant at any
stage, even at a 50% N2 gas ratio.  This implies the formation of the ON™
bond was difficult with N> introduction under mild conditions, which is a
hurdle to the formation of MoNxOy films incorporating a high atomic

percentage of nitrogen. This might cause the discrepancy in terms of the
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(@) O 1s

(d) MON-50 =

cps [a.u.]
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Fig. 4.7 XPS spectra of O 1s region in (a) and deconvoluted O 1s XPS spectra
of MoN-0, MoN-7, and MoN-50 in (b), (c¢), and (d), respectively.
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crystallinity of MoN with the results of Barbosa’s work discussed in relation
to XRD analysis. As the N2 gas ratio increased, the peak intensities of O2~
and O™ and/or OH  increased; however, that of H2O was decreased.

Fig. 4.8 shows the valence band region XPS spectra of the MoNxOy
thin films. The peak at around 2 eV corresponds to the Mo 4d orbital and
that at 4-10 eV is attributed to the N 2p and/or O 2p orbitals observed in the
valence band region XPS spectra of the MoNxOy thin films. At MoN-0, the
intensity of the Mo 4d band was stronger than that of O 2p band and the
density of state (DOS) near the Fermi edge was relatively sharp compared
with other films. This means that the metallic Mo was dominant among Mo
species and this result agreed well with the XPS results of Mo 3d and 3p. In
particular, the intensity of the Mo 4d band decreased, while that of the O 2p
and/or N 2p increased with the introduction of N2 gas.  As the N2 gas ratio
increased, the oxidation state of Mo changed from low to high, resulting in an
increase of the valence band maximum (VBM) of about 0.65 eV by the

vanishing of Mo 4d level.
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Fig. 4.8 Valence band region XPS spectra of Mo oxynitride thin films.
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4.4 Conclusion

MoNxOy thin films were deposited on a p-type Si(100) wafer by rf
magnetron sputtering at various N2 gas ratios. The thickness decreased to 70
from 1000 nm with an increasing N2 gas ratio. AFM images revealed that the
roughness of the films increased up to an N2 gas ratio of 7% and then
significantly decreased. The XRD results showed that the crystal structure of
the film changed from metallic c-Mo through y-Mo2N to Mo silicate phase.
The XPS results confirmed that the oxidation state of Mo and the VBM

increased and N 1s peak appeared with an increasing N2 gas ratio.
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CHAPTER V. Molybdenum Sulfide Thin Films

5.1 Introduction

Single-layered Mo disulfide (MoSz2) is a two dimensional layered
material that is included in the family of VIA transition metal dichalcogenides.
A monolayer of this material is composed of S-Mo-S triple layers and the bulk
comprises these triple layers stacking on top of one another due to a relatively
weak interaction known as the van der Waals force being present in between
each set of S-Mo-S triple layers. Due to this unique 2D structure, which is
also observed in graphene and hexagonal boron nitride, MoS: is characterized
with a low friction coefficient which consequently led the material being
utilized in applications of solid lubrication [5.1]. For the same matter,
researches have been done on tribological study for MoS: films [5.2-5.4].
Recently, MoS: has been redrawing the attention in the scientific community
as the electronic bandgap can be widely tuned by controlling the film
thickness. Single-layered MoS: films exhibit a direct bandgap of 1.8 eV
while bulk MoS: films exhibit an indirect bandgap of 1.2 eV [5.5,5.6]. This
fascinating property of MoS: films make them an attractive candidate material
for flexible electronic devices including organic solar cells [5.7,5.8] and field
effect transistors [5.9,5.10].

Mo sulfide (MoSx) thin films have been synthesized by various

methods, such as atomic layer deposition [5.11], electrodeposition [5.12],
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vapor phase sulfurization [5.13], dc magnetron sputtering [5.14], and rf
magnetron sputtering [5.15]. Among these techniques, the rf sputtering
method has advantages such as the formation of thin films with high quality
and independence on the kinds of the sputter targets whether those are
conductive or not. To adapt the MoSx thin films in a variety of application
fields, controlling the film properties is crucial and it can be tuned by
deposition conditions, such as sputtering pressure, substrate temperature, rf
power, and substrate bias. The researches of Mo sulfide thin films deposited
by sputtering with changing not only deposition conditions [5.1,5.16] but also
film thickness [5.11] and different substrate [5.14] had been done. However a
detailed relationship between rf power and the chemical composition of MoSx
thin films have not been extensively investigated, especially surface analysis
of MoSx thin films.  In this research, MoSx thin films on the ITO substrate
were synthesized by reactive rf magnetron sputtering in ultra high vacuum
chamber. The study about dependence of rf power on the MoSx thin films
were conducted with a surface profiler, a 4-point probe, contact angle
measurements, X-ray diffraction (XRD), and X-ray photoelectron

spectroscopy (XPS).
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5.2 Experimental

MoSx thin films were deposited by reactive rf magnetron sputtering.
The sputter target equipped with a water cooling system was MoS2 (2 inches
in diameter, 99.95%, Thifine) and the substrate was ITO glass (10 Ohms/sq)
cleaned by sonication in acetone which was then rinsed with distilled water.
After confirming the purity of Ar (99.99%) by a quadrupole mass spectrometer
(QMS, shown in Fig. 5.1), Ar was used as a sputter gas and the flow rate was
fixed at 7 sccm by a mass flow controller.  The working pressure was
maintained constant at about 45 mTorr during sputtering. - Before deposition
of MoSx thin films on the ITO glass, pre-sputtering was performed for 5 min
as the target was covered with a stainless steel shield. The rf power was
changed from 100 to 200 W and MoSx thin films were deposited for 10 min.
The MoSx thin film obtained at X W of tf power will be referred as MoS-X
throughout this report.

The chemical properties of MoSx thin films were investigated by X-
ray photoelectron spectroscopy (XPS, VG, ESCALAB MKII, UK). In this
study, Mg Ka X-ray source (1253.6 eV) was used to obtain XPS spectra.
Survey spectra were collected with 20 mA of beam current, 14 kV of
acceleration voltage, 0.5 eV of energy step, 100 ms of dwell time, and 2500 V
of channeltron voltage. High resolution XPS spectra were obtained at 0.05
eV of step size and other conditions were the same as the survey spectra. To
deconvolute XPS spectra, XPSPEAK program (ver. 4.1), Shirley background,

and 30-70% Lorentzian-Gaussian ratio were applied for Mo 3d and S 2p XPS
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Fig. 5.1 Purity of Ar gas checked by QMS. The bottom spectrum showed

that the background of rf sputter chamber.

The top spectrum was obtained

after introducing the Ar gas into the chamber.
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spectra.

The crystallinity of MoSx thin films was analyzed with X-ray
diffraction (XRD, PANalytical, X-Pert pro, Netherlands) with Cu Ka (4 =
1.5406 A) radiation and a 0.05 degree of step size. Contact angles were
measured to identify the surface free energy of MoSx films with distilled water
(DW) and ethylene glycol (EG). Electrical properties of the MoSx films were
examined with a 4-point probe (Mitsubishi Chemical Co., Loresta-GP (MCP-
T610), Japan). The thickness of thin films was measured with a surface
profiler (Tenco, Alpha-Step 500, USA) and the average thickness of each films

was determined after validation with Q-test under 90% of confidence level.
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5.3 Results and Discussion

The thickness of MoSx thin films obtained at different rf power was
measured by a surface profiler and the thickness of the thin films was found to
be 100.1£8.9, 172.2+11.5, and 240.9+16.8 nm for MoS-100, 150, and 200,
respectively. It indicated that the thickness increases with increasing rf
power. This phenomenon is consistent with the results of previous studies
[5.17]. As the rf power was increased, the ionization rate of sputter gas
increases, thus the sputter yield also increases. . Therefore, the higher rf
power leads to the formation of thicker films.  Fig. 5.2 shows the deposition
rate of MoSx thin films as a function of rf power. The plot indicates that the
deposition rate linearly increased with rf power. The slope in the plot
represents the deposition rate, 1.41 nm/W and the y-intercept represents the
sputter efficiency, —40.3 W [5.18].

The chemical environment of MoSx thin films was analyzed with XPS.
High resolution XPS spectra of Mo 3d and S 2s region are shown in Fig. 5.3.
Unfortunately, the binding energies of electrons in Mo 3d and S 2s are too
close to distinguish Mo 3d and S 2s peaks. In order to obtain the chemical
information of Mo species, both S 2s as well as Mo 3d spectra were put into
consideration. It is found that the peak shape of Mo 3d and S 2s with
different rf power was similar and no other significant difference was observed.
However Mo species have numerous oxidation states, such as Mo®, Mo®",
Mo*", Mo>*, and Mo®" [5.19].  To obtain the specific information about rf

power effect on the oxidation state of Mo, Mo 3d and S 2s peaks were
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Fig. 5.2 Deposition rate of MoSx thin films with different rf power.
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(a) Mo 3d/S 2s (d) MoS-200
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Fig. 5.3 High resolution XPS spectra of Mo 3d/S 2s in (a) and deconvoluted
XPS spectra of Mo 3d/S 2s region in (b), (c), and (d) for MoS-100, MoS-150,
and MoS-200, respectively.
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deconvoluted. The deconvoluted Mo 3d and S 2s XPS spectra are shown in
Fig. 5.3 (b), (¢), and (d) for MoS-100, 150, and 200, respectively. As shown
in Fig. 5.3 (b), three doublet peaks and one singlet peak are apparent in Mo 3d
and S 2s spectra in MoS-100. The doublet peaks with 3.2 eV of spin-orbit
splitting (SOS) represent Mo 3d peaks and the singlet peak represents the S 2s
peak. It indicated that different oxidation states of Mo coexisted in MoSx
thin films. The binding energies of 226.5+0.1 eV (white singlet peak),
229.3+0.1 eV (grey doublet peak with dashes), 230.8+0.1 eV (gray doublet
peak), and 232.6+0.1 €V (gray doublet peak with cross lines) are assigned to S
2s [5.12], Mo*, Mo>*, and Mo®* [5.20,21], respectively. = The intensities of
Mo 3d and S 2s are almost identical with increasing rf power. Interestingly,
the ratio of Mo species with different oxidation states is noticeably changed by
varying rf power. The intensities of Mo®" and Mo®" decreased while that of
Mo*" increased. - In addition, the peak centered at 228.4 eV evolved in MoS-
200. This peak corresponds to Mo®" (0<8<3). — The relative ratio of Mo
species calculated from the results of deconvoluted Mo 3d spectra is shown in
Fig. 5.4. Since Mo®" is the most stable oxidation state among Mo species
with different oxidation states, the decreasing ratio is larger in Mo®* than in
Mo®" with increasing the rf power. It means that the higher rf power leads to
a high deposition rate (shown in Fig. 5.2) and this causes kinetically controlled
deposition of MoSx films to be dominant over thermodynamically controlled

deposition [5.22].
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Fig. 5.4 Relative ratio of various Mo species with various oxidation states with
different rf power. MoS-100 (red), MoS-150 (orange), and MoS-200 (yellow).
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High resolution S 2p spectra with respect to various rf powers are
shown in Fig. 5.5. Similarly, the shape and intensity of the Mo 3d and S 2s
spectra, showed little to no difference with varying rf power. The
deconvoluted S 2p XPS spectra are shown in Fig. 5.5 (b), (¢), and (d) for MoS-
100, 150, and 200, respectively. The three spectra are fitted with one peak
with 1.18 eV of SOS. The dotted line shows the peak maximum centered at
162.4 eV of S 2p32 and it concurs with the binding energy of S*~ species
[5.12,5.23]. This provides a concrete proof that MoSx thin films were
successfully deposited by rf sputtering. The atomic raties of S/Mo are
calculated with the results of deconvoluted Mo 3d and S 2p spectra and which
are 2.15, 2.10, and 2.27 for MoS-100, Mo-150, and Mo-200 films, respectively.
It means that the sputter yield of MoS: target and the amounts of S and Mo
species are independent on the rf power, however the oxidation state of Mo is
influenced by the rf power described above.

XRD analysis was performed to verify the crystallinity of the MoSx
films obtained at different rf power. As mentioned above, the film growth
rate increased as rf power increased. Due to the fast growth rate of the MoSx
thin films, amorphous phase was formed (not shown here) [5.22].

Contact angles (CAs) of DW and EG on MoSx thin films were
measured at 23°C and shown in Fig. 5.6. The inset images in Fig. 5.6 are

CAs of DW and EG on MoS-200 thin film on the left and right, respectively.
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Fig. 5.5 High resolution XPS spectra of S 2p in (a) and deconvoluted XPS
spectra of S 2p region in (b), (c), and (d) for MoS-100, MoS-150, and MoS-
200, respectively.
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Fig. 5.6 Contact angle for MoSx thin films. Inset images show the contact
angle of MoS-200 films with DW and EG.

111

Collection @ pknu



When EG was used as a test liquid, the CAs were relatively constant at around
49 degrees with varying rf power, while the CAs of DW were varied as the rf
power increased. In order to estimate the surface free energy (SFE) of the

MoSx films, the Young’s equation was employed:

Y, 0080=y5=7y ,
where fis a contact angle, , is the surface tension of pure liquid, p, is the
SFE of the solid, and y, is the solid-liquid interfacial energy at equilibrium

[5.24]. The surface tension for DW is estimated with the following equation

[5.25]

1.256
7, =235.8 pract 1-0.625 374_T] A
647.15 647.15

where 7 (°C) is the water temperature. The surface tension for EG is estimated
with the following equation [5.26]:

T
=4897—-——,
y o3 15

where 7' (°C) is the EG temperature. The Young’s equation is modified after
inclusion of hydrogen bond effects between the surface of the solid and liquid
[5.27] and the concept that the total SFE is consisted of two components: the

dispersive and polar components [5.28]. The modified Young’s equation is:

7 ( 1+cos9 2\/yS;/L +2\/;/§’7/f ,
where y¢ and y! are the SFE of dispersive and polar part of MoSx films,

respectively. The SFEs of MoSx films were calculated with the modified
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Young’s equation and are shown in Fig. 5.7. The total SFE was 38.3 mN/m
for MoS-100 and then changed as the rf power varied. The contribution of
polar SFE is larger than dispersive SFE to the total SFE for all MoSx films
obtained at different rf power. The changing propensity of polar SFE is
similar to the total SFE.

The electrical properties of MoSx thin films were investigated by a 4-
point probe system and the surface resistance and conductivity with varying rf
power are shown in Fig. 5.8. The surface resistance was 356.2, 401.1 Q/sq
for MoS-100 and MoS-150 and increased to 2006 )/sq for MoS-200. The
conductivity gradually decreased with increasing the rf power. . Therefore,
MoSx thin films with different chemical and electrical properties were

controlled by varying rf power.
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Fig. 5.7 SFE components for MoSx thin films: Total SFE, polar SFE, and
dispersive SFE are represented by filled squares, hollow triangles, and filled
circles.
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Fig. 5.8 Electrical properties of MoSx thin films.
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5.4 Conclusion

MoSx thin films at different rf power were obtained successfully by
reactive rf magnetron sputtering. The film thickness of MoSx increased from
100 through 170 to 240 nm at 100, 150, and 200 W of rf power, respectively.
The surface resistance increased from 356 to 2006 €)/sq with increasing rf
power. The oxidation state of Mo changed while the intensity of Mo and S
were constant as the rf power was increased. The amorphous phase of MoSx
thin films was confirmed by XRD. ~ The total SFE varied from 38.3 through
33.0 to 35.8 mN/m at 100 and 200 W of rf power, respectively. The polar
SFE dominantly contributed to the total SFE and the changing trend of polar

SFE is similar to that of the total SFE.
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CHAPTER VI. Copper Oxide Nanofibers

6.1 Introduction

One dimensional (1-D) nanostructures, such as nanobelts, nanotubes,
nanowires, and nanofibers have been receiving great attention because of their
unique morphologies, physical, optical, and electronic properties. The Cu
oxide nanowires and nanotubes were obtained by thermal oxidation process
[6.1,6.2] and annealing of Cu nanowires [6.3], respectively. Out of the many
1-D nanostructures, nanofibers have attracted a great deal of attention for
adaption to filters, photocatalysts [6.4], sensors [6.5], solar cells [6.6], and
mechanical fields [6.7-6.9]. Nanofibers have been synthesized by several
techniques including electrodeposition, a self-catalytic mechanism [6.10], a
dielectric-barrier discharge plasma [6.11], and electrospinning [6.12].

In particular, the electrospinning method is commonly used to prepare
ultrafine nanofibers because it is convenient and-a low-cost method.
Electrospinning requires three main components: a high voltage power supply,
a syringe pump, and a collector. The syringe contains polymeric solution
having proper viscosity to synthesize bead-free nanofibers. A high voltage is
applied to the needle of the syringe and the collector is grounded. Thus, the
solution ejected from the needle produces Taylor cones [6.13] and nanofibers
are collected to various collectors such as a plate, a disc, a ring, and a drum

[6.14].
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Cu is a material that readily reacts with oxygen to form Cu oxides.
Cu oxides have been intensely investigated because several kinds of Cu oxides
exist such as Cu20, Cu3Oz2, CuszO4, and CuO. These materials have different
physical, optical, and electronic properties. Among them, cuprous oxide
(Cu20) and cupric oxide (CuO) are the more popular ones to be utilized in
various applications. Cu20 is a p-type semiconducting material with a band
gap of 2.0-2.6 eV and is in cubic phase [6.15]. On the other hand, CuO is an
n-type semiconducting material with a band gap of 1.3-2.1 eV and is in
monoclinic phase [6.16]. The formation of Cu20 was reported by Vasilevich
et al. under low temperatures (~373K) and pressures (~107 Pa) [6.17]. High
temperatures and pressures may lead to a mixture of the various Cu oxides
mentioned above. The chemical reactions of the formation of Cu oxides can

be explained by the following equilibrium reactions [6.18]:

4Cu+0, - 2Cu,0,
2Cu,0+0, = 4CuO0.

Therefore, phase transformation is speculated to be the cause of the change
from Cu to CuO through Cu20 [6.2,6.18,6,19]. Xu et al. reported that Cu
oxide mixtures were formed with high contents of Cu20 and low contents of
CuO in wet air environment. However, only Cu20 and CuO phases were
obtained in N2 and pure Oz atmosphere, respectively [6.1]. Hsu et al. showed
that thermal decomposition from CuO to Cu20 was achieved at 723K [6.20].

These previous results showed that the phase of Cu oxide was controlled by
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several heating conditions, for example, different gas environment,
temperature, and time.

In this study, Cu oxide/polyvinyl alcohol (PVA) nanofibers were
fabricated using sol-gel and electrospinning method and Cu oxide nanofibers
were obtained after calcination of Cu oxide/PVA nanofibers. The Cu oxide
nanofibers prepared at different calcination temperatures were characterized to

investigate their morphology, physical, and chemical properties.
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6.2 Experimental

Cu oxide nanofibers were obtained by sol-gel and electrospinning
method. Two chemicals were used to fabricate Cu oxide nanofibers.

Copper (II) sulfate pentahydrate (CuSO4-5H20, MW: 249.69, Junsei Chemical
Co., Ltd.) was used for the Cu source and the polymer, which has proper
viscosity to make nanofibers via electrospinning, was polyvinyl alcohol (PVA,
(CH2CHOH)x, MW: ~22000, Junsei Chemical Co., Ltd). The Cu sulfate
pentahydrate, PVA, and distilled water were mixed at the ratio of 1.0:1.9:18.6
and stirred for 3 hrs at 353K. The mixed solution was subsequently stirred
for 1 hr at room temperature to stabilize. - The viscosity of the obtained
electrospinning solution was about 180 cP at room temperature measured with
a viscometer (A&D, SV-10, Japan). The parameters employed in this work
were 16.8 kVand 6 pl/min of high voltage and feeding rate, respectively.

The Cu oxide/PVA nanofibers were electrospun and then calcined at 673 and
873K for 5 hrs. The Cu oxide/PVA nanofibers without calcination will be
denoted as Cu-rt and the calcined Cu oxide nanofibers at 673 and 873K will be
denoted as Cu-673 and Cu-873, respectively throughout this report.

The morphology of Cu oxide nanofibers were investigated with a field
emission scanning electron microscopy (FE-SEM, JEOL, JSM-6700F, Japan).
The crystallinity of nanofibers was analyzed with X-ray diffraction (XRD,
PANalytical, X Pert-MPD, Netherlands) with Cu Ko, (1 = 1.5406 A) radiation
and a 0.02° of step size. The chemical environment of Cu oxide nanofibers

was investigated with X-ray photoelectron spectroscopy (XPS, VG, ESCALab
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MKII, UK). The XPS analysis was performed in a base pressure of 5.0x107!°
Torr. The X-ray source used in this work was Al Ka (1486.6 eV). The
survey XPS spectra of Cu oxide nanofibers were taken in the range of 1200-0
eV, a scan step of 0.5 eV, and a pass energy of 50 eV with a concentric
hemispherical analyzer. The high resolution XPS spectra of Cu 2p and O 1s
were obtained at a scan step of 0.02 eV and a pass energy of 50 eV. The
binding energies of all spectra were corrected with the binding energy of

aliphatic carbon at 284.6 eV.
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6.3 Results and Discussion

The morphology of Cu oxide nanofibers were examined with FE-SEM.
The well aligned nanofibers were observed in Cu-rt shown in Fig. 6.1 (a).
The average diameter of Cu-rt nanofibers was about 268.9 nm.  After
calcination of Cu-rt at 673K for 5 hrs, the morphology of Cu-673 is quite
different with that of Cu-rt. In Fig. 6.1 (b), the core of Cu-673 was hollow
channel and partially interconnected granules are aligned at the surface region
of Cu-673 nanofibers (inset of Fig. 6.1 (b)). — The decomposition temperature
of pure PVA was about 579K [6.21,6.22]. Therefore PVA was decomposed
during calcination of Cu-rt nanofibers. This implies that the core parts of Cu-
rt mainly consisted with PVA and the outer part of Cu-rt consisted with the
mixture of Cu and PVA. = When the calcination temperature increased to
873K, further aggregated nanofibers without distinct hollow channel were
observed in Fig. 6.1 (c). - It is worthwhile to note that the hollow channel
detected at Cu-673 disappeared at higher calcination temperature than 673K.
A plausible explanation for this phenomenon is the rearrangement of Cu
particles. Thus, the calcination temperature, 873K, is a sufficient temperature
which provides energy to migrate nanoparticles resulting in aggregated
nanofibers. Cu-873 was analyzed with TEM to identify the crystallinity of
the nanofibers. The well aligned lattice fringes were observed and the lattice
spacing was calculated to be 0.32 nm. The more detailed explanation will be
given in the XRD section of this chapter. The inset in Fig. 6.1 (d) showed the

selected area electron diffraction (SAED) of Cu-873. The zone axis is [233]
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(b) Cu-673

(c) Cu-873

100nm

Fig. 6.1. FE-SEM images of Cu-rt in (a), Cu-673 in (b), and Cu-873 in (c).
The inset images showed the morphology of magnified Cu oxide nanofibers.
TEM images of Cu-873 in (d).
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and it revealed that Cu -873 has a single crystal phase with high crystalline
properties.

The XRD diffractograms of the Cu oxide nanofibers are shown in Fig.
6.2. Only broad peaks at around 20° are observed in Cu-rt and it is caused by
PVA (101) diffraction [6.23,6.24]. Thus Cu species in Cu-rt nanofibers could
be considered as an amorphous phase. At Cu-673, cubic Cu20 peaks evolved
with 13.7 nm of crystalline size calculated by Scherrer’s equation (JCPDS card
#78-2076). At Cu-873, more peaks were evolved. These peaks were
assigned to monoclinic CuO phase (JCPDS card #80-1917) and the crystalline
size increased to 27.6 from 13.7 nm comparing with Cu-673. Therefore, the
phase transition occurs to monoclinic CuQO through cubic Cu20 from
amorphous during calcination process.

Figure 6.3 shows the XPS survey spectra of Cu oxide nanofibers. At
Cu-rt, carbon, oxygen, and copper peaks were observed and the other peaks
were not detected. The formation of Cu oxide/PVA nanofibers was
confirmed by XPS results. However, the peak intensity of Cu 2p was weak
comparing with those of O 1s and C 1s. It implies that the surface of Cu-rt
nanofibers was mainly covered with PVA. 1t is caused by the low percentage
of Cu sulfate in electrospinning solution that was 24.2%. Thus the amount of
Cu is smaller than that of PVA which caused the weak intensity of Cu from
Cu-rt.  After the calcination of Cu-rt nanofibers, the intensity of C 1s peak
slightly decreased and that of Cu 2p peak dramatically increased and Cu Auger

peaks appeared between 548-719 eV.
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Fig. 6.2 X-ray diffractograms of Cu oxide nanofibers. The diffractograms of
Cu-rt and Cu-673 were multiplied 4 times for better comparison. The filled
circles represent the cubic Cu20 phase and the hollow circles represent
monoclinic CuO phase.

125

Collection @ pknu



Cu 2p

Cu Auger peaks

(7))

o
5 Cu-873 o - Q.

: p E n (3 I
5, 2 \ b s =]
7)) (&) Q O
a [ B ,
o | Cu-673
A

1000 800 600 400 200
Binding Energy [eV]

Fig. 6.3 Survey XPS spectra of Cu oxide nanofibers.
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Comparing the survey spectra of Cu-673 and Cu-873, the noticeable change of
peaks were not observed. For more detailed information, high resolution
XPS spectra of the Cu 2p and O 1s binding energy region were analyzed.

The high resolution XPS spectra of Cu 2p and O 1s were
deconvoluted to get the detailed chemical information of Cu oxide nanofibers.
Deconvoluted high resolution XPS spectra of Cu 2p32 and O 1s are shown in
Fig. 6.4 (a) and (b), respectively. At the Cu 2p region between 970-925 eV
included Cu 2p32, Cu 2p1s2, and satellite peaks caused from Cu” and Cu?*.
Because the peak ratio of Cu 2ps3.2, Cu 2pi2 and others are the same, Cu 2p3.2
region was deconvoluted to avoid complexity. The peak shape of Cu 2p3»2
and O 1s was asymmetric.. This means that several oxidation states of Cu and
O exist in Cu oxide nanofibers. Unfortunately, metallic Cu (Cu®) and Cu™ are
not distinguishable in Cu 2p region due to the final state effect [6.18]. This
ambiguity can be solved through the analysis of O 1s region. - Before the
calcination of Cu-rt nanofibers, most of Cu species exist as Cu® and Cu*.  As
the calcination temperature increased to 673K, the relative ratio of Cu** to Cu®
and/or Cu’ increased. When the calcination temperature was increased to
873K, the ratio of Cu?" is increased more than Cu-673. In Cu-rt nanofibers,
two oxygen species, surface oxygen and oxygen bound with Cu" were mainly
detected. Because the intensity of Cu20 is lower than that of surface oxygen,
the Cu20 phase was a minor species in Cu-rt nanofibers. Thus, we could
conclude that the contribution of Cu® and/or Cu® (Cu®/Cu”) peaks in Cu 2p32

mainly resulted from the Cu’ species.  After calcination of the Cu-rt
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Fig. 6.4 Deconvoluted XPS spectra of Cu 2p region in (a) and that of O Is

region in (b). The dots in the spectra represent the raw data and the solid

lines overlapped with the dots represent the reconstructed data of Cu and O
species.
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nanofibers, the ratio of oxygen bound with Cu” and Cu®>* remarkably increased,
while the ratio of surface oxygen decreased due to calcination. In Cu-673,
the major Cu species was Cu' shown in Fig. 6.4 (b). Further increase of
calcination temperature to 873K, the portion of O-Cu®* peak was increased
and that of O-Cu" was decreased. This result revealed that the Cu20 phase
was oxidized to CuO phase, but not fully oxidized to form CuO only by
calcination of nanofibers at 873K. According to the results of the
deconvoluted XPS spectra, the oxidation states of Cu species were changed to
Cu?* from Cu® through Cu® phase by calcination. This result is consistent
with the change of the crystalline structure of the Cu oxide from c-Cu20 to m-
CuO described previously.in the XRD section.

The relative atomic percentage of Cu and O species are deduced from
the deconvoluted XPS results of Cu 2p32 and O 1s considering atomic
sensitivity factors. Asshown in Fig. 6.5 (a), the ratio.of Cu%Cu” was
monotonically decreased while that of Cu?" increased as the calcination
temperature increased. This implies that the thermal oxidation of Cu
proceeded. However, the ratio of O-Cu" increased from 17.8% for Cu-rt to
51.2% for Cu-673 then decreased to 29.4% for Cu-873 (Fig. 6.5 (b)). The
main reason for the decrease in the ratio of Cu’/Cu* and increase in O-Cu” was
caused by the oxidation of Cu species from Cu’ to Cu* as the calcination
temperature increased to 673K.  When the calcination temperature increased
to 873K, the major oxidation process of Cu species was from Cu* to Cu*".

Ultimately, the ratio of Cu’/Cu’ decreased and CuO increased. It revealed
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Fig. 6.5 Atomic percentage of specific species of Cu.in (a)and O in (b). The
circles indicate the ratio of Cu and/or Cu” and the triangles indicate that of
Cu?*"in (a). The circles represent the ratio of O bonded with Cu” species, the

triangles represent that of O in CuO phase, and the square represent surface
oxygen in (b).
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that the difference in the ratio of Cu2O and CuO at Cu-873 are not noticeably
detected. In the graph for ratio of Cu 2p3y, the ratio of Cu/Cu” is 72.8% and
that of Cu?* is 27.2%. From the analysis for O 1s, the amount of Cu20 and
CuO are similar, the ratio of Cu” in Cu/Cu’ could be considered to about 27%,
and the reminder of 45% could be corresponded to metallic Cu. According
to XPS and XRD results, chemical composition of nanofibers at 873K is Cu

and Cu20 as amorphous phase and monoclinic CuO phase.
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6.4 Conclusion

Cu oxide nanofibers were synthesized by electrospinning technique
using Cu sulfate and PVA. Before calcination of nanofibers, the average
diameter of Cu oxide/PVA nanofibers was about 268.9 nm and the specific
crystallinity of Cu oxide was not observed. To obtain Cu oxide nanofibers,
the as-electrospun nanofibers were calcined at 673 and 873K. The crystal
structure of calcined nanofibers at 673K was simple cubic Cu20 and CuO is
formed as an amorphous phase. The Cu oxide nanofibers calcined at 873K
consists of amorphous Cu20 and monoclinic CuO. It is congruent to the
SAED patterns which show single crystal properties. The major oxidation
mechanism of Cu species varied depending on the applied calcination
temperature. Oxidation from Cu® to Cu" was dominant for Cu-673
nanofibers while the major oxidation from Cu" to Cu** was dominant for Cu-

873 nanofibers.
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CHAPTER VII. Investigation of Metal Oxide Thin Films

Using Electron Emission Spectroscopy

7.1 HfA1O; Dielectric Thin Films

7.1.1 Introduction

As the field of memory devices has been growing larger and several
concerns are appeared. -~ Among the concerns, power consumption is a major
problem to develop memory devices. It caused from the increase of density
of memory device and this can be overcome by reducing the thickness of SiO2
film. However, if the thickness of SiO2 films was too thin, a large direct-
tunneling current through the films is becoming a new concern. Therefore,
new materials, such as HfO2, Al2O3, and ZrO2 have been investigated to
replace the Si02 film.- The important factor is the dielectric constants of
high-k materials which are used for gate dielectrics. The dielectric constants
are 25, 9, 25, and 3.9 and band gaps are 5.7, 8.7, 5.1, and 8.9 eV for HfO»,
Al203, ZrO2, and Si, respectively [7.1]. Comparing these values, HfO2 has
higher dielectric constant, but lower band gap energy than Si.  While Al2O3
has lower dielectric constant and higher band gap energy than HfO».
Moreover, Al203 1s more stable in high temperature than HfO2. The mixed
structure of Hf and Al oxide (HfAlOx) has better properties to apply in

memory devices than HfO2 and A12O3 alone. Zhu ef al. reported that the
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addition of Al in HfOz leads to increase of the crystallization temperature from
375 to 1000°C and the band gap energy increased from 5.8 to 6.5 eV [7.2].
However, new candidates must satisfy a standard processing procedure.
Recently, plasma etching process has received attention because of several
difficulties in the HF-based wet etching process on the high-k materials. In
order to overcome this issue, an understanding about the relationship between
plasma properties and etching characteristics of HfA1O3 thin films is required.
Until now, the effect of dry etching process on the HfA1O3 thin films was not
reported in our knowledge. In this study, HfAIO3 thin films were synthesized
by atomic layer deposition and etched using inductively coupled plasma (ICP)
system at a substrate temperature of 313K with Cl2/Ar etch gases.. The
etching characteristics on the HfA1O3 films were analyzed by varying the gas
mixing ratio, radio frequency (rf) power, direct current (dc)-bias voltage, and
process pressure.. Thechemical reaction on the surface of the etched HfA1O3

thin films was studied by X-ray photoelectron spectroscopy (XPS).

7.1.2 Experimental

HfAIO3 thin films were synthesized on the Si02/Si substrates by
atomic layer deposition. The thickness of the HfAIO3 films was 50 nm.
The dry etching of the HfA1O3 thin films was performed using an ICP system
[7.3]. The cylindrical chamber with a diameter of 26 cm was evacuated
using a mechanical pump and a turbo molecular pump and the base pressure

was kept below 51077 Torr. A 3.5 turn spiral copper coil was located above
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horizontal quartz window with the thickness of 24 mm at the top of the
chamber. And copper coil was connected to rf power (13.56 MHz) generator
and produced the ICP. Another rf power generator was connected to the
substrate holder and controlled the ion energy by adjusting the dc-bias voltage.
The rf power generators equipped with L type auto matching box for reducing
of the power dissipation in the plasma and protect the generator. The
substrate located at the bottom of the chamber was cooled down about 313K
using a water flow cooling system. The distance between the topside quartz
window and the bottom substrate holder was 9 cm. HfAIOs3 thin films were
etched using Cl2/Ar gas mixture at total gas flow rate of 20 sccm and the etch
process time was 60 sec for each sample. = The effect of etching on the
HfAIO;3 thin films were investigated as functions of the gas mixing ratio, rf
power, dc-bias voltage, and process pressure and the detailed description and
sample notation are listed in Table 7.1. = The rf power-and dc-bias voltage
were varied from 400 to 700 W-and from —50 to =200V, respectively. The
process pressures were 0.67, 1.34, 2.00, and 2.68 Pa. The chemical
composition of the etched HfAlOs3 thin films was analyzed using XPS (VG,
Sigma Probe, UK). The monochromatic Al Ka X-ray source with 1486.6 eV
at 100 W was used. Peak deconvolution was performed with XPSPEAK (ver.

4.1) program after subtraction of the background applying a Shirley model.
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Table 7.1. Sample notation and different etching conditions.

sample ﬂovcvllz'g?: [g522m] rf power [W]  dc-bias [V] pressure [Pa]
A as-dep.
B 16/4 500 —150 2
C 16/4 700 —150 2
D 16/4 500 —200 2
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7.1.3 Results and Discussion

To analyze the change of chemical composition after etching of the
HfAIO;3 thin films, the surfaces before and after the etching were examined by
XPS. Fig 7.1 shows the survey XPS spectra obtained from the surface of the
HfAIO;3 thin films. The characteristic peaks of Hf, C, and O atoms were
observed centered at 17, 284, and 529 eV, respectively. However, those of
Al and CI atoms were not detected in the survey spectra due to the detection
limit of the XPS system. The difference between before and after the etching
was not significantly noticeable from all samples in the survey spectra. The
position and intensity of peaks were not changed and it revealed that the
etching on the surface acted uniformly regardless of the kinds of atom.

In order to obtain the detailed information of chemical states of
HfAIO;3 films, high resolution of Hf 4f, O 1s, Al 2p, and Cl 2p XPS spectra
were measured and shown in Fig. 7.2 (a), (b), (c), and(d), respectively. The
peak profile of sample A is different with those of other samples. The
shoulder at the higher binding energy region is decreased with applying more
etching process to the HfA1O;3 films as shown in Fig. 7.2 (a), (b), and (¢).
This implies that the Hf and Al atoms are reduced to metallic form and the
ratio of oxygen bonded with surface is decreased during etching the films.
Thus the ratio of atoms did not affect by the etching process, however, the
atomic species with different oxidation state are dependent on the etching
process. The Cl 2p peak is more easily detected from sample D than from

samples B and C. This means that Cl was remained in the surface region of
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Fig. 7.1 Survey XPS spectra of HfA1O3 thin films with before etching (sample
A) and after etching with Clo/Ar gas flow rate of 16/4 sccm, rf powr of 500 W,
dc-bias of =150 V, and pressure of 2 Pa (sample B), rf power of 700 W
(sample C), dc bias of =200 V (sample D). Other etching conditions of
sample C and D are same as sample B.
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Fig 7.2 High resolution XPS spectra: (a) Hf 4f, (b) O 1s, (c) Al 2p, and (d) Cl
2p region.
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HfAIO;3 thin films after etching with high dc-bias voltage.

Fig. 7.3 (a) shows the deconvoluted Hf 4f XPS spectra to obtain the
detailed information about the change of ratio in species with different
oxidation state. The XPS spectra showed doublet peaks of Hf for Hf 4f7,2 and
Hf 4fs5 with spin obit splitting (SOS) of 1.6 eV. The total Hf 4f peak can be
deconvoluted into four peaks corresponding to the Hf*"-O bond, Hf**-O bond,
Hf-Al-O bond, and pure Hf bond. Two kinds of Hf oxides were assigned for
HfO> and HfOx (0<x<2) formed with Hf*" and Hf*" species, respectively.
These binding energies are shown in Table 7.2 and those are well agreed with
the reported values [7.4-7.6]. It is worthy to note that the peak intensity of
Hf*-O is increased by compensating Hf*"-O regardless of the parameters
during the etching process. The intensities of the peaks for the Hf-Al-O and
Hf-Hf bonds are almost constant with increasing the amount of Cl, rf power,
and dc-bias voltage. Fig. 7.3 (b) shows the deconvoluted high resolution O
Is XPS spectra obtained from the surface of as-deposited and the HfA1O3 thin
films etched at different conditions. The O 1s peak was deconvoluted into
four peaks which were deemed to correspond to the oxygen and/or hydroxyl
group on the surface: Surf-O bond, O-Hf*" bond, O-Hf* bond, and Hf-A1-O
bond [7.7-7.9]. Similarly the result of deconvoluted Hf 4f XPS spectra, the
ratio of HfOx and HfO: before etching is dominated at about 43 and 30%.
However, the intensity of HfOx is increased and that of HfO: is decreased after
etching and this phenomenon is severe in high dc-bias voltage. And the

intensity of the peak centered at 528.1 eV remained nearly constant and did
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Fig. 7.3 Deconvoluted (a) Hf 4f and (b) O 1s XPS spectra.
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Table 7.2 Binding energies of different chemical species of Hf 4f and O 1s.
Average binding energies and standard deviations are calculated for each
species of Hf 4f and O 1s.

HF 4F HfO; HfOx HEAL-O HE-HF
D 17.25 16.68 15.78 14.66
C 17.26 16.68 15.78 14.64
B 17.25 16.66 15.75 14.66
A 17.30 16.68 15.75 14.64
Average Y U 16.68 15.77 14.65
331::1‘; 0.02 0.01 0.02 0.01
O Is Surf. O HfOx HfO> HE-AI-O
D 531.56 529.89 529.17 52811
C 531.55 529.88 529.18 528.11
B 53157 529.86 52923 528.11
A 531.55 529.91 529.24 528.11
Average 531.56 529.89 52921 528.11
Standard 0.01 0.02 0.04 0.00
Deviation
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not depend on the film treatment conditions. While the intensity of the Surf-
O peak centered at 531.6 eV showed the significant decrease. This result
means that the surface oxygen species were effectively removed by etching
process as well. Therefore, the XPS data gave clear confirmation that, in the
Clx-containing plasmas, the increase of dc-bias voltage is more effective, but

remains the Cl in the surface of HfAIOs3 thin films, than increase of rf power.

7.1.4 Conclusion

Using inductively-coupled plasma, the etching trend of HfAIO3 thin
films was investigated as functions of the Clo/Ar gas mixing ratio, the rf power,
dc-bias voltage, and process pressure. The chemical reaction on the surface
of the HfAlO3 thin films was investigated by using XPS analysis. = According
to our experimental results, the Clo/Ar plasma was effective to etch the
HfAIOs thin films.-. The ratio of atoms did not affect by the etching
conditions, while the ratios of chemical species, Hf and O, were affected by

the etching conditions, especially dc-bias voltage.
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7.2 Ga-Zn-Sn-0O Thin Films

7.2.1 Introduction

Amorphous oxide semiconductors (AOSs) are attractive materials due
to their superior characteristics in the field of thin film transistors (TFTs).
Conventionally, amorphous Si and polycrystalline Si were applied to TFTs.
Among the various amorphous oxides, amorphous oxides contained the heavy
metal cations with (n-1) d'’ns® (n>4) electronic configurations are focused.
Despite of crystalline character, ZnO polycrystalline thin films were focused
in the last few years. Because-amorphous oxides exhibit a high transparency,
large electron mobility, and low resistivity, amorphous In-Zn-O (a-1Z0),
amorphous Ga-Zn-O (a-GZO) [7.10], and amorphous Ga-In-Zn-O (a-GIZO)
were intensively studied. Especially, the main point in TFTs is considered to
be high channel mobility, the systems including high percentages of In is
outstanding in this aspect. - However, In is known as a rare metal and leads to
increase in the cost, the replacement of In is necessary to synthesize cost
effective TFTs. In this work, In is substituted by Sn in the amorphous Ga-
Zn-Sn-0O (a-GZTO) thin films.

Amorphous oxide thin films were synthesized by various techniques
from the solution to vapor phase. The solution based method is versatile and
cost effective method, however, the growth of amorphous oxide thin films
from chemical solution is suffer to high electrical resistivity. Thus, the films

are not suitable for the application TFTs in spite of its transparency. While,
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the vacuum deposition process leads to the films with low electrical resistivity
as well as high quality.

For the application in TFTs, it is particularly crucial to control the
carrier concentration. Because the low carrier concentration contributes to
good device stability and a low off-current level, this leads to a high on/off
current ratio [7.11].  An appropriate addition of Ga as a carrier suppressor is
known to be effective to control the carrier concentration. Because the
electronegativity of Ga, Zn, Sn and In is 1.82, 1.66, 1.72, and 1.49 in Pauling
scale, respectively, Ga ions are more strongly bonded with oxygen than Zn
and In ions did, reducing the formation of oxygen vacancies [7.12,7.13].

And the oxygen vacancies can be modulated by post-annealing of thin films.
However, the effect of Ga concentration and post-deposition annealing on the
characteristic properties of GZTO films has not been reported. In this study,
we have investigated the effects of Ga concentration and post-deposition
annealing on the chemical properties of GZTO thin films prepared by a co-

sputtering method.

7.2.2 Experimental

The GZTO films were deposited by magnetron co-sputtering method
at room temperature. GZTO thin films with the thickness of 300 nm were
deposited on alkali-free glass substrates (Corning Eagle 2000) using Ga-doped
Zn0 (GZO, 5 wt.% Ga203), SnO2, and Ga203 targets with 4 inch in diameter

each. The base pressure in the sputtering chamber was kept below 4x107* Pa

145

Collection @ pknu



and the deposition process was carried out under a working pressure of 0.67
Pa using pure Ar gas as a sputtering gas. The applied rf power on the Ga2O3
target was varied as 0, 50, 75, and 100 W (denoted as GZTO-0, 50, 75, and
100), while those of the GZO and SnO2 were fixed at 100 and 130 W,
respectively. To evaluate the thermal stability of the obtained films, the
prepared films were annealed in ambient condition for 1 hr at 473, 573, and
673K.

The chemical information of thin films were analyzed using an XPS
(VG, MultiLab 2000, UK) with Mg Ka (1253.6 eV) X-ray source. The base
pressure in the analysis chamber was maintained lower than 1x107® Pa.  X-
ray was generated at the high voltage of 15 kV, beam current of 15 mA,
filament current of 4.2 A, a pass energy of 50 eV, dwell time of 50 ms, and
energy step of 0.5 eV in constant analyzer energy (CAE) mode for survey
scans. High resolution XPS spectra were obtained at pass energy of 20 eV,
energy step of 0.02 eV, and other parameters were the same as applied in the
survey scan. The GZTO films were electrically grounded with Ag paste,
which is used for a reference peak and preventing the charge accumulation
during data collection. High resolution XPS data were deconvoluted using
XPSPEAK software (ver 4.1) for detailed information about the oxidation

state of surface elements.
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7.2.3 Results and Discussion
7.2.3.1 Effect of Ga Concentration

The composition and chemical states of GZTO films were
characterized with XPS analysis. It is useful to compare the atomic ratio of
each element to correlate with the changes in electrical properties of GZTO
films. The survey XPS spectra of GZTO films were shown in Fig. 7.4. The
detected peaks are assigned to photoelectrons or Auger electrons for Ga, Zn,
Sn, and O. It means that GZTO films are successfully synthesized by rf co-
sputtering method without other impurities.  Interestingly, the intensity of Ga
2p was gradually increased with.increasing of tf power for Ga2Os target.
While, that of Zn 2p was decreased, those of Sn 3d and O 1s were almost in
constant level. The detailed atomic ratios of Ga, Zn, Sn, and O on the surface
of GZTO films deduced after quantitative analyses with considering their
atomic sensitivity factors are listed in Table 7.3. The'monotonic decrease in
carrier concentration of GZTO films [7.14] could be explained by the atomic
ratio of Ga, which is gradually increased with the power on Gax03 target.
The abundance of Ga on the surface was almost doubled up with every RF
power increment of 50 W. However, the Zn/Sn ratio was almost independent
with the RF power on Ga20Os3 target over 50 W and O content in the films did
not affect by the Ga doping. Therefore, it can be concluded that the decrease
in carrier concentration is mainly attributed to the increase of Ga content in

GZTO films.
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Fig. 7.4 Survey XPS spectra of GZTO films with different rf powers on Ga203

target.

Table 7.3 Atomic compositions-of GZTO films determined from XPS analyses.

Sample Ga [%] Zn [%] Sn [%] O [%]
GZTO-0 0.58 15.17 30.64 53.60
GZTO-50 1.17 10.08 34.68 54.07

GZTO-100 3.08 9.52 33.44 53.96
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In order to study the detailed oxidation states of Ga, Zn, Sn, and O
elements, high resolution XPS spectra were taken and shown in Figs. 7.5 and
7.6. Because the SOS constants for Ga 2p, Zn 2p, and Sn 3d are large as 27.0,
23.1, and 8.5 eV, respectively, major peaks (2p3.2 and 3ds2) of those elements
were deconvoluted to avoid complexity. Peak deconvolution was carried out
after subtraction of background taken by Shirley model. Two oxidation
states of Ga are assigned for Ga®>" and Ga®" (6=1 or 2) centered at 1118.4 and
1117.6 eV, respectively [7.15]. There are two oxidation states of Zn (Zn*"
and Zn®) whose binding energies are centered at 1022.6 and 1021.9 eV,
respectively [7.16].  The observed oxidation states of Sn are Sn** (486.8 eV)
and Sn** (486.3 eV) [7.17]. The assigned binding energies are well agreed
with reported values. After deconvolution of the high resolution XPS spectra,
ratios of different oxidation states for each element were determined as given
in Table 7.4.  Worthy of note is that the portion of high oxidation state for
each cation was considerably increased with increasing Ga content (comparing
GZTO-0 with GZTO-100). The increase in high oxidation state of metal
cations indicates that their ionic bonds with surrounding oxygen atoms were
promoted by Ga doping. This result can also be deduced from the
deconvoluted high resolution XPS spectra of O 1s (Fig. 7.6). There are three
oxygen species denoted as O-Surf, O-Def, and O-Met centered at 531.8, 530.8,
and 530.1 eV, respectively. O-Surf represents for chemisorbed surface
oxygen species including water and hydroxyl group and O-Def represents for

oxygen species in the oxygen deficient region. Because the binding energies
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Table 7.4 Binding energies and ratio of different oxidation states for each
element in GZTO films.

Ga 2ps» 7n 2psp Sn 3dsp Ols
Moiet " ) )
O Gar @R T Zn° St Sof, S(l)ll' ¢ 1;) of h(/?et
[55] 11184 1117.6 1022:6 1021.9' 4868 4863 531.8" 5308 530.1
GZ(;FO' 082 018 037 063 021 079 020 011 069
GZ;)O' 079 021 035 065 029 071 020 0.10 0.0
Gfg(?' 089" 011 046~ 054 040 060 020 009 071
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Fig. 7.6 High resolution O 1s XPS spectra of GZTO thin films. The
deconvolution was carried out based on O-Surf, O-Def, and O-Met,

representing oxygen bound on the surface region, in oxygen deficient region,
and with metal, respectively.
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of O 1sin O-Zn [7.18], O-Sn [7.19], and O-Ga [7.20] are almost
indistinguishable, the binding energy of O 1s bound with metals (Zn, Sn, and
Ga in this study) is denoted as O-Met. The relative ratios of oxygen species
are given in Table 7.4. The data reveals that there were consistent decrease
in O-Def and increase in O-Met with increasing Ga content, while O-Surf did
not affect. It implies that the Ga doping resulted in the reduction of oxygen
vacancies, acting as the origin of charge carriers, and promoted the oxidation
of metal ions. This is in accordance with the aforementioned observation on
the oxidation states of metal cation species. Thus, the decrease in carrier
concentration of GZTO films can be attributed to the effect of Ga as a
suppressor of carrier generation in ZTO system. Nomura et al. suggested
that Ga ions work as the carrier suppressor in [GZO system since they form
strong chemical bonds with oxygen than Zn and In ions [7.12]. On the other
hand, Rim et al. explained the cause of carrier suppression with standard
electrode potential (SEP) of constituent elements. According to their report,
Zr can act as an effective carrier suppressor in ZTO system because Zr has a
lower SEP (—1.45 V) than Zn (=0.76 V) and Sn (=0.13 V) [7.20]. In our
GZTO system, however, the effect of Ga is tough to understand with the same
analogy since Ga has a higher SEP (—0.55 V) than Zn [7.21]. Thus, it is
considered that the effectiveness of a suppressor element (Ga) in GZTO
system is ascribed to the bond strength between metal and O; Ga-O (353.6
kJ/mol), Zn-O (270.7 kJ/mol), and Sn-O (531.8 kJ/mol). Since Ga-O has a

larger binding energy than Zn-O, Ga can effectively attract oxygen atoms and
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promote the oxidation of metals. Meanwhile, Sn which has the largest
binding energy in this system exhibited a considerable change of its valence

state from Sn*>* to Sn*" due to the Ga doping.

7.2.3.2 Effect of Post-Annealing

The effect of post-annealing on the chemical bonding states were
investigated by XPS and the peak deconvolution process was performed as the
same as chapter 4.1.3.1. Representative deconvoluted high resolution XPS
spectra of Ga 2p3,2 of GZTO thin films deposited at 0 and 100 W with post-
annealing at different temperatures are shown in Fig. 7.7. It is noticeable that
the change in the ratio of Ga species. The percentage of Ga®* was 68, 92, and
94% at as-dep., 573, and 673K, respectively. It means that most of Ga cation
is oxidized from Ga®' to Ga’* species at 0 W. While the percentage of Ga>*
was decreased from 80 .to 70% with increasing the post-annealing temperature.
Thus, the reaction of Ga atom during post-annealing process is different on the
GZTO films obtained at different rf powers on Ga2Os3 target, even the post-
annealing temperature is the same. Fig. 7.8 shows the deconvoluted Zn 2p3.2
spectra and it seems that the total intensity of Zn is increased with increasing
the post-annealing temperature. The tendency of increase in the total
intensities of Zn of GZTO films obtained at 0 and 100 W after post-annealing
at the same temperature were similar. It implies that the diffusion of Zn from
bulk to surface is occurred and it is independent with the rf power on Ga203

target. After careful comparison of the deconvoluted Zn 2p peaks, it is
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Fig. 7.7 High resolution XPS spectra of Ga 2p3/2 region. Post-
annealing effect on GZTO thin films obtained at (a) 0 W and (b) 100 W of rf
power for Ga203 target.
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observed that the ratios of Zn° to Zn>" are almost constant for two thin films
deposited at 0 and 100 W and followed by post-annealing at as-dep. and 673K.
The conversion of major species was observed from Zn° to Zn?" state in both
films. Noticeably, GZTO thin films post-annealed at 573 K shows different
ratios of Zn® to Zn>" comparing both films obtained at 0 and 100 W. The
ratio of Zn>*/Zn° is about 1.4 and 0.6 for the films obtained at 0 and 100 W,
respectively. It implies that the overall reaction, oxidation of Zn with
different rf power is similar, though, the ratio of Zn species could be
controlled by changing the annealing temperature. And the films deposited
at low rf power of Ga20s target is easily oxidized from metallic Zn to Zn**
cation.

Deconvoluted high resolution Sn 3ds.2 spectra are shown in Fig. 7.9
and the spectra show the decrease of total peak intensity with increasing the
post-annealing temperature. To clarify, the atomic ratio of Sn in the surface
region of GZTO thin films was calculated and the values are 25.3, 19.8, and
13.7 for 0 W, 30.5, 25.3, and 12.8 for 100 W post-annealed at as-dep., 573,
and 673K, respectively. It indicated that Sn atom could be diffused into bulk
by post-annealing process. And the conversion of oxidation state of Sn was
observed as well. Comparing the Fig. 7.9 (a) and (b), GZTO thin films
without annealing process showed similar peak profile. ~After treated the
post-annealing process, the oxidation of Sn was not severe at 100 W but it is
well observed from the GZTO films at 0 W post-annealed at 573K. The ratio

of Sn** of the GZTO film obtained at 100 W followed by post-annealing at
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Fig. 7.8 High resolution XPS spectra of Zn 2p32 region. Post-annealing
effect on GZTO thin films obtained at (a) 0 W and (b) 100 W of rf power for
Ga20s target.

157

Collection @ pknu



(a) GZTO-0 X3.6|(b) GZTO-100 X1.0

cps [a.u.]

488 486 484 488 486
Binding Energy [eV]

484

Fig. 7.9 High resolution XPS spectra of Sn 3ds.2 region. Post-annealing effect
on GZTO thin films obtained at (a) 0 W and (b) 100 W of rf power for Ga203
target.

158

Collection @ pknu



673K is lower than that at 0 W followed by post-annealing at 573K. It
appears that the oxidation state of Sn is tuned by rf power and post-annealing
temperature. From the results of deconvoluted XPS spectra of Ga, Zn, and
Sn, the oxidation state of each atoms of GZTO thin films were altered by rf

power and post-annealing process.

7.2.4 Conclusion

In summary, the effects of Ga concentration and post-annealing on the
spectroscopic properties of a-GZTO films prepared by a co-sputtering method
at room temperature were reported. Deconvoluted XPS spectra revealed that
the carrier suppression effect of Ga ions was attributed to the decrease in
oxygen vacancies along with the change of oxidation state of cations to higher
species. And the post-annealing induced the transition to a higher oxidation
state for each cation except for the GZTO films deposited at 100 W with post-
annealing and the surface enrichment in Zn and the diffusion of Sn into bulk
was occurred by post-annealing. This work suggests that a good
controllability of carrier concentration and surface composition can be
obtained by adjusting Ga concentration in a GZTO film, being one of

promising In-free amorphous oxide semiconductors.
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7.3 SnOz:F Films

7.3.1 Introduction

Transparent conducting oxides (TCOs) are widely used materials in
the industrial fields, such as low emissivity windows, electrochromic devices,
gas sensors, solar cells, back contact in dye-sensitized solar cells (DSSCs), and
displays [7.22-7.24]. From the introduction of CdO, tin-doped indium oxide
(ITO) is one of the most important materials in TCOs. ITO has suitable
characteristics for applications such as gas sensors, hole injection electrodes in
polymer LEDs, front electrodes in Si solar cells, and anodes in OLED
[7.25,7.26]. ' It is known to present a low resistance, possibility of production
at low temperature, and good performance after etching process [7.27].
Despite of these benefits, it is difficult to apply ITO in DSSCs and other fields
due to low chemical and mechanical durability and low thermal stability at the
temperature over 500°C. To overcome these disadvantages, fluorine-doped
tin oxide (FTO) is developed. Sn oxide is a semiconductor with 3.6 eV for
optical band gap and rutile structure. The unit cell of Sn oxide is composed
with two Sn atoms and four O atoms. While Sn oxide is transparent, the
conductivity is low at room temperature. However, the conductivity of Sn
oxide can be increased by dopants. In FTO, fluorine is substituted to O site
and fluorine acts as an electron donor in FTO system. It is contributed to
increase the carrier concentration and conductivity. Moreover, hydrogen

impurities in thin films can be good attempt to increase conductivity [7.28].
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Dopant, hydrogen in In20s3 films is located at interstitial and substitutional site
and hydrogen is considered to be donors in In203 films [7.29]. And in
relation to the application of solar cell, FTO films exposed to H2 plasma is
applied to tune the optical and electrical properties [7.30]. FTO is presented
a highly thermal and chemical stability and good adhesive property onto glass.
In this research, the intense study about the effect of H2 plasma treatment on

the FTO thin films was carried out.

7.3.2 Experimental

The commercial FTO coated soda-limed glass with a sheet resistance
of 6-8 Q/sq. (Pilkington, Ltd) was used as substrate. H> plasma treatment
was performed on the FTO thin films in a capacitively coupled plasma
chamber. Before introducing the FTO thin films in the chamber, FTO thin
films were cleaned by ultrasonication with acetone and isopropyl alcohol for
10 min each and then blew with nitrogen gas. ~ The base pressure of the
chamber was lower than 1.3x10™* Pa and the working pressure was about 80
Pa controlled by throttle valve with 150 sccm of flow rate of hydrogen gas.
The H2 plasma treatment was carried out 100 W of radio frequency power,
100°C for substrate temperature and performed for various treatment time in
the rage of 0-60 min. The sample notation in this study, FTO-60 means that
FTO films were treated with Hz plasma for 60 min. The chemical
environment of FTO thin films was investigated with X-ray photoelectron

spectroscopy (XPS, VG, MultiLab 2000, UK). The XPS chamber was

161

Collection @ pknu



equipped with a dual anode X-ray source and concentric hemispherical
electron energy analyzer. In this study, Al Ka radiation (1486.6 eV) and
constant analyzer energy (CAE) mode was used to obtain the XPS spectra.
The deconvolution process was performed to calculate the atomic ratio of each
element and to verify the oxidation state of the elements in the surface of FTO

thin films.

7.3.3 Results and Discussion

In order to verify the kinds of atoms on the surface of FTO films, those were
investigated by XPS and the purity of FTO films were checked by survey
spectra as shown in Fig. 7.10. The characteristic XPS peaks of Sn, O, and C
atoms were detected from the films without Ha plasma treatment and other
atoms were not observed from all films. After H2 plasma treatment, the
intensity of Sn 3d and C 1s was decreased and that of O 1s was gradually
increased. Interestingly, the F 1s peak was appeared at FTO-60. In
previous research about FTO films using XPS, the F 1s peak was detected in
FTO films deposited by dc sputtering and chemical vapor deposition while
that was screened with the background noise in FTO films synthesized by
chemical spray pyrolysis [7.31]. Martinez et al. reported that the films with
higher F/Sn ratio than 2% in starting solution showed the F 1s peak [7.31].
However, the atomic ratio in the surface of FTO films did not presented. The

atomic ratio was calculated by peak intensities and atomic sensitivity factors

of F 1s (1.0) and Sn 3ds/2 (3.2) and the F/Sn ratio is 0.3 in FTO-60.
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Fig. 7.10 Survey XPS spectra of FTO films.
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In order to clarify the chemical environment of FTO films, such as
oxidation state of surface atoms in FTO films with different time of H2 plasma
treatment, high resolution XPS spectra of Sn 3d were taken and shown in Fig.
7.11 (a). Asshown in Fig 7.11 (a), the sharp doublet peak was observed in
FTO-0. However, the shoulder peak at low binding energy region is grown
with Hz plasma treatment and it is clearly confirmed in FTO-60. Due to the
large spin orbit splitting constant for Sn 3d (8.5 eV), Sn 3ds» was
deconvoluted to obtain the specific information of the FTO films with a
Shirley background. - After peak deconvolution process, two oxidation states
for Sn (Sn’: 484.8+0.1, Sn?* and/or 4. 486 7+0.2 eV) were assigned [7.14]. As
mentioned above, the high oxidation states of Sn decreased and the metallic
state, Sn’, evolved as the film of Hz plasma treatment increased. Thus the
reduction of FTO films by Hz plasma treatment was confirmed and this
phenomenon is coincident with other results [7.30].

Fig 7.12 (a) and (b) show the high resolution XPS spectra of O 1s and
deconvoluted XPS spectra, respectively. The peak profiles of FTO films
without and with H2 plasma treatment is definitely different. The binding
energy of peak maximum is shifted from low to high energy as the time of Hz
plasma treatment increased, it indicated that the spectra contain at least two
peaks coming from two different chemical species. For accurate analysis,
deconvolution process was performed and two peaks, O-Def. and O-Met. were
assigned to 530. 8 and 532.3 eV, respectively [7.14]. From the result, the

ratio of O-Met. (oxygen species bound with metal, Sn) was consistently
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Fig. 7.11 High resolution and deconvoluted XPS spectra of Sn 3ds.2 region (a)
and (b), respectively. The dotted vertical lines are inserted to clarify the peak
maximum.
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Fig. 7.12 High resolution and deconvoluted XPS spectra of O 1s region in (a)
and (b), respectively.
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decreased from 100 to 87% while that of O-Def. (oxygen ions in the oxygen
deficient region) was increased along with the time of Hz plasma treatment.

It is well matched with the result of Sn 3d spectra.

7.3.4 Conclusion

The change in characteristic properties of FTO films by the exposure
to H2 plasma was investigated by XPS technique. XPS analysis revealed that
the portion of Sn with high oxidation state decreased while that with low
oxidation state, metallic Sn, increased as a function of the time of H2 plasma
treatment. Furthermore, the ratio of oxygen bound with Sn was decreased.
The chemical reduction of FTO films was successfully accomplished by H

plasma treatment.
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7.4 PEDOT:PSS Films

7.4.1 Introduction

The organic optoelectronic devices such as display, sensors, and solar
cells have been interested in recent decades, especially the demand of flexible
devices are gradually increased. Indium tin oxide (ITO) with good electrical
and optical properties is the most commonly used material in organic
optoelectronic devices. However, the application of ITO in flexible devices
such as electronic papers and wearable electronic devices is difficult to prevent
cracks under internal and external force [7.32-7.35]. Thus, other materials
such as graphenes [7.36], carbon nanotubes [7.37], and metal nanowires [7.38-
7.41] are developed. One of the promising candidates is poly(3,4-
ethylenedioxythiophene) (PEDOT) which is highly conductive polymer with
high work function in the range between 4.7 and 5.1.€V, high transparency in
visible light region, and excellent chemical stability.  The use of PEDOT as a
solution phase is limited, because PEDOT is insoluble in most solvents, except
for poly(styrenesulfonate) (PSS). However, doping of PSS in PEDOT causes
the dramatically decrease in their conductivity below 1 S/cm, which is lower
than that of ITO. Therefore, many researchers were focused to increase the
conductivity of PEDOT:PSS. Addition of secondary doping solvent and
dipping process are well-known methods for the purpose. First, addition of
secondary doping solvent, such as sorbitol [7.42-7.44], dimethyl sulfoxide

(DMSO) [7.45-7.47], and N,N-dimethylformamide [7.48] is interrupted
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between PEDOT and PSS by screening effect [7.45] or changed PEDOT
chains [7.49,7.50]. Second, dipping process is more effective than doping
process and its mechanism is dissolving the PSS phase. In chapter 7.4.3.1,
dynamic etching process is introduced for removal of PSS phase. Although
dynamic etching is similar to dipping process, it is much simpler and less
destructive to improve the conductivity of PEDOT:PSS. Therefore,
PEDOT:PSS films without any chemical treatment, PEDOT:PSS films doped
with DMSO, PEDOT:PSS films with dipping process, and PEDOT:PSS films
with dynamic etching process were prepared and analyzed by XPS. For more
enhancement in the conductivity of PEDOT:PSS, instead of elimination of
PSS in surface region, the segregation of PEDOT and PSS phases was
attempted by external force, electric field. The phenomena from this method
are alignment of PSS phases in the surface region of PEDOT:PSS films. And
then, the removal of PSS phase using dipping or etching process can be
increase the conductivity of PEDOT:PSS because the PSS is insulating
material. The effect of electric field on PEDOT:PSS films was investigated
by checking the ratio of chemical composition of PEDOT and PSS and the

results are described in chapter 7.4.3.2.

7.4.2 Experimental
PEDOT:PSS films deposited on glass and Si substrate were obtained
by spin coating technique in ambient air condition. The glass and Si

substrates were treated with oxygen and ozone plasma for 10 and 20 min,
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respectively. Clevios PH 1000 (PEDOT:PSS=1:2.5 wt%), one of commercial
PEDOT:PSS series was obtained from Aldrich company. PEDOT:PSS films
with the thickness about 90 nm was formed with spin speed of 2000 rpm and
spinning time of 40 sec. And then PEDOT:PSS films were annealed at
180°C for 10 min. To confirm the effect of dynamic etching process, four
samples with different environment were prepared. PH 1000 without any
chemical treatment, PH 1000 doped with DMSO solvent, PH 1000 dipping in
DMSO solvent, and PH 1000 with dynamic etching process using DMSO
solvent. DMSO (5 wt%) in PH 1000 solution was used to doped sample.
For dipping sample, films coated with PH 1000 were dipped into DMSO
solvent for 30 min and annealed. For the dynamic etching sample, 1 ml of
DMSO solvent was consecutively dropped on PEDOT:PSS films during
spinning process and then annealed.

For study of the effect of electric field on PEDOT:PSS films, the
positive voltage was applied on the top of films and the bottom was grounded.
The electric field was varied in the range from 0 to 5 kV, the distance between
top and bottom was 5 mm, and the operating time was 20 min. The chemical
composition in the surface and bulk PEDOT:PSS films was monitored by X-

ray photoelectron spectroscopy.
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7.4.3 Results and Discussion
7.4.3.1 Dynamic Etching

Fig. 7.13 shows high resolution S 2p XPS spectra. Two peaks were
observed and the peak with lower binding energy increased at dipping and
etching process. In PEDOT:PSS system, three S species, PSS™ H", PSS™ Na",
and PEDOT were existed and deconvoluted S 2p spectra were shown in Fig
7.13 (b). Even though S 2p peak has 1.18 eV of SOS, S 2p doublet peak with
high full width at half maximum (FWHM) seems to singlet peak. As
mentioned above, three peaks were assigned to PEDOT (164.13+0.04 eV),
PSS™ Na* (165.59+0.08 €V), and PSS™ H' (168.24+0.10 €V). The relative
ratio of sulfur was listed in Table 7.5. The ratio of PEDOT was increased
with introducing DMSO. Among three samples, the ratio of PEDOT is the

highest in PEDOT:PSS films at etching process.

7.4.3.2 Electric Field

Fig. 7.14 shows the high resolution S 2p XPS spectra taken from
PEDOT:PSS films after applying 0 and 3 kV of electric field. The bottom
spectra were obtained without Ar* sputtering, which showed represent similar
peak profile both 0 and 3 kV. It means that the topmost surface in
PEDOT:PSS films is independent on the electric field. As the sputtering time
increased, the peak of PEDOT region increased and that of PSS region

decreased. The intensities of two peaks are almost same until 86.5 min of
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Fig. 7.13 (a) High resolution S 2p XPS spectra. (b) Deconvoluted high
resolution S 2p XPS spectra of PH 1000 with different environment. The
peak with lower binding energy represents PEDOT, peak with middle binding
energy represents PSS™ Na*, and peak with higher binding energy represents
PSS H".

Table 7.5 Relative atomic percentage of various species of sulfur in PH 1000
with different environment.

Sample PSS H* PSS™ Na* PEDOT
PH1000 76.7 4.2 19.1
adding DMSO 74.3 4.4 21.3
dipping DMSO 64.2 7.4 284
etching DMSO 64.7 5.8 29.5
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Fig. 7.14 High resolution S 2p XPS spectra for 0 kV (a) and 3 kV (b). The
numbers in right side mean the sputtering time.
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sputtering time and then that of PEDOT region is stronger than that of PSS
region. The degree of increase of intensity of PEDOT region at 3 kV is
higher than 0 kV.

To obtain the more information, deconvolution process was performed
and representative deconvolution spectra are shown in Fig. 7.15. After
deconvolution process, the relative percentage of PEDOT and PSS was
calculated and the result is shown in Fig. 7.16. The decrease in the
percentage of PSS is observed, however, the tendency is rapidly occurred in
PEDOT:PSS film at 3kV. Especially, after 100 min of Ar" sputtering, the

percentage of PEDOT is higher than that of PSS at 3 kV.

174

Collection @ pknu



(a) 0 kV (b) 3 kV

5: 4
o, oo
PSS H*
2 88 + PEDOT
o

PSS Na

170 166 162 170 166 162
Binding Energy [eV]

Fig. 7.15 Representative deconvoluted S 2p XPS spectra for 0 kV (a) and 3 kV
(b). The peaks with diagonal cross (red), dots (green), and bricks (blue) are
assigned to PEDOT, PSS™ Na’, and PSS™ H', respectively. The numbers in

middle of the figure indicate the sputtering time in minute.
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Fig. 7.16 Relative percentage of PEDOT and PSS in PEDOT:PSS films.

176

Collection @ pknu



7.4.4 Conclusion

To apply PEDOT:PSS films in flexible devices, PEDOT:PSS films
with high conductivity is required. Because the conductivity of PSS is
extremely lower than PEDOT, the removal of PSS is crucial concern to many
researchers. In this chapter, dynamic etching and electric field process was
introduced to improve the conductivity of PEDOT:PSS films. The effect of
two processes on PEDOT:PSS films was confirmed by XPS. High resolution
S 2p spectra was used to distinguish the PEDOT and PSS phase and the
relative ratio was calculated from the results of deconvolution of S 2p spectra.
It revealed that the PEDOT phase increased after dynamic etching and

applying electric filed.
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7.5 Mo Oxide Thin Films

7.5.1 Introduction

Hydrogenated amorphous Si (a-Si:H) thin film solar cells are
promising photovoltaic devices due to its abundance, low cost and production
temperature, and feasibility of deposition on flexible substrates like plastic and
stainless steel foil. Among the a-Si solar cells, p type-intrinsic-n type (p-i-n)
structure is commonly adapted to construct the device having high efficiency.
The results about the increase of the conductivity of a-Si were reported by
Spear and Lecomber in 1975 [7.51]. They reported that mixture of some
gases, such as diborane (B2Hs) and phosphine (PH3), were used for fabrication
of p and n layers. = However, these gases are toxic and need much care.
These disadvantages lead to increase of the production cost.  There are efforts
to replace the harmful gases and to cut the cost for fabrication of devices.
Many researchers reported the substitute materials, for example, a Ceo
derivative for n type a-Si:H layer [7.52]. And poly(styrenesulfonate)-doped
poly(3,4-ethylene dioxythiophene) (PEDOT:PSS) [7.53] and metal oxides, for
examples, tungsten oxide [7.54], vanadium oxide [7.55], molybdenum oxide
(MoOx) [7.56], and nickel oxide [7.57], are reported as p type a-Si:H layer and
ntype. Among them, MoOx is an attractive material in various
optoelectronic devices. It has wide optical band gap of 3.2 eV, excellent
electrical conductivity, and high work function in the range of 5.8-6.9 eV.

Thus, MoOx is appropriated to use as a p type a-Si:H layer. In this study,
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MoOx thin films were fabricated by thermal evaporation and sputtering
method and the chemical environment of the obtained MoOx films was

investigated with XPS.

7.5.2 Experimental

Two types MoOx thin films were fabricated on the commercially
available FTO glass substrates (Pilkington) by means of two different
deposition methods. The FTO glass has a sheet resistance of about 7 Q/sq
and was cleaned twice by ultrasonication for 10 min with acetone and
isopropyl alcohol and then dried with nitrogen gas. The prepared substrates
were introduced into the thermal evaporation or sputtering chamber. The
MoOx thin films were deposited by thermal evaporation in high vacuum
chamber with 2x10® Torr of base pressure. The sample obtained by thermal
evaporation is denoted as T-MoOx from here after and the deposition rate was
achieved about 0.2 A/s. The sample synthesized by sputtering, denoted as S-
MoOx, was obtained by a rf power of 50 W, Ar gas flow rate of 50 sccm, the
working pressure of 5 mTorr, and the distance between the target and the
substrate was 5 cm. The MoOx deposition was performed without heat

treatment.

7.5.3 Results and Discussion

MoOx thin films deposited by using the different methods were

characterized by XPS and high resolution XPS spectra of Mo 3d and O 1s

179

Collection @ pknu



were observed for detailed chemical information. Charge accumulating
effects in all the XPS spectra were calibrated using the binding energy of
aliphatic carbon at 284.6 eV. The more specific information, such as
oxidation state of Mo and O atoms and atomic ratio of Mo and O was obtained
from the result of deconvolution of XPS spectra as shown in Fig. 7.17. Fig.
7.17 (a) shows different peak profiles of Mo 3d spectra. Because of the
interaction between electron spin angular momentum and orbital angular
momentum, Mo 3d spectra show doublet peak with spin orbit splitting
constant of 3.12 eV. .- The bottom spectrum collected from T-MoOx shows
relatively well-defined doublet peak while the top spectrum from S-MoOx is
ill-defined. Kim et al. reported three Mo species with different oxidation
states that three peaks positioned at 232.7, 232.0, and 230.5 eV in S-MoOx are
assigned to Mo®", Mo’*, and Mo*", respectively [7.58,7.59]. After
deconvolution process, Mo 3d spectrum from T-MoOx-is decomposed to two
peaks, Mo®" and Mo>" in this study. Interestingly, the lower oxidation state
of Mo was evolved from the S-MoOx films obtained by sputtering method and
the ratio of Mo®" species decreased from 87.6 to 40.9%. Thus, the sputtering
method was not sufficient to synthesize the fully oxidized metal oxide films,
MoOs films in this study, comparing the MoOx films obtained by thermal
evaporation method. However, it is worthy to note that the residual oxygen
in both chambers was only the source to form Mo oxide films. Fig. 7. 17 (b)
shows the deconvoluted high resolution XPS spectra of O 1s region.

Similarly, two and three oxygen species except for surface oxygen were
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(a) Mo 3d

(b) O 1s

cps [a.u.]

237 234 231 228 534 532
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Fig. 7.17 Deconvoluted high resolution XPS spectra of Mo 3d (a) and O 1s (b).
Bottom and top spectra were obtained from T-MoOx and S-MoOx, respectively.
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existed in the T-MoOx and S-MoOx films, respectively. These peaks are
corresponded to the oxygen bonded with Mo, 530.8, 530.1, and 529.4 eV for
0-Mo®", O-Mo’", and O-Mo**, respectively. As shown in Table 7.6, the ratio
of oxygen bonded with lower oxidation states of Mo is higher in S-MoOx than
that in T-MoOx films. It is coincident with the result of Mo 3d spectra.

From the deconvolution of XPS spectra, we can deduce the stoichiometric
ratio of Mo oxide. The areas of Mo 3d and O 1s, especially the area
excluding the surface oxygen in O 1s spectra, and their atomic sensitivity
factors (ASFs) were used to deduce the concrete chemical formulas of the two
types of MoOx films.  The areas of Mo and O are listed in Table 7.6 and the
ASFs of Mo 3dsi2 and O 1s are 1.2 and 0.63 [7.60]. The calculated atomic
ratio factors, x, are 2.95 and 2.43 for thermally evaporated and sputtered
MoOx films, respectively. ~ As mentioned above, the stoichiometry of T-MoOx

is closer to MoOs3 than that of S-MoOx.

182

Collection @ pknu



Table 7.6 The area and relative atomic ratio of each species were calculated
from the deconvoluted high resolution XPS spectra of Mo 3d and O 1s.

Mo 3d T-MoOx S-MoOx
Mo area - 4353.219
0

ratio - 18.6

MoS* area 3005.067 9459.184
ratio 12.4 40.5

MoS* area 21202.99 9552.306
ratio 87.6 40.9

O 1s T-MoOx S-MoOx

O-Mo* area - 1621.134
ratio - 7.4

A5 area 6527.307 7273.169
O-Mo Mo bl 33.1

A6 area 15747.24 9379.857
O-Mo ratio 54.7 427

area 6508.026 3677.689
Surf. © TaXis 2276 16.8
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7.5.4 Conclusion

The effect of variation of deposition methods on the surface chemistry
of MoOx thin films was investigated by XPS technique to apply p type layer in
high-performance dopant-free solar cells. Mo 3d and O 1s spectra showed
different peak profiles of MoOx films obtained by thermal evaporation and rf
sputtering method. From the results of deconvolution of Mo 3d and O 1s, we
could confirm that Mo atoms are more oxidized in MoOx films synthesized by

thermal evaporation than that synthesized by rf sputtering method.
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7.6 Tungsten Oxide Films

7.6.1 Introduction

SnOz is one of the semiconducting materials and it is applied as
optical, electrical, and chemical devices [7.61-7.63]. To synthesize the SnO2
nanowires, metal nanoparticles or films, catalysts, such as Au, Ni, and Cu, are
needed [7.64-7.66]. However, these catalysts caused the unexpected effects
by residues of metal. Thus, the self-catalytic growth [7.67,7.68] was
developed to grow impurity free SnO2 nanowires. In this study, WOx thin
films played a role of catalytic material for the growth of SnO2 nanowires.
Tungsten oxides (WOx) are known as wide band gap semiconductor and used
in electrochromic, photocatalyst, and active layer in gas sensors [7.69,7.70].
WOk films are synthesized by various techniques, such as thermal oxidation,
thermal evaporation, and chemical vapor deposition.[7.69]. - In a variety of
WOx films, most WOx are non-stoichiometric with mixture of WO3 and WOy
(y<3). The structural and electrical properties of WOx are considerably
affected by their chemical composition [7.69]. Thus the growth of SnO2 can
be affected by the quality of WOx films, furthermore, SnO2 devices can be also
dependent on the WOx substrate. Therefore the analysis of chemical
composition in WOx films deposited by rf sputtering were performed by X-ray

photoelectron spectroscopy in this study.
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7.6.2 Experimental

WOx thin films were deposited on substrates by rf magnetron
sputtering. The substrates were SiO2 layers with thickness of 300 nm
thermally coated on the p-type Si(100). During the deposition of WOx thin
films, the substrate temperature was kept at room temperature. The rf power
was 50 W and Ar gas was used with a flow rate of 50 sccm and working
pressure of 50 mTorr. The deposited films were analyzed by X-ray
photoelectron spectroscopy (XPS) to verify the chemical composition of WOx
thin films. The XPS system was evacuated to ultrahigh vacuum with several
pumps. And the X-ray source was Mg Ka (1253.6 eV) and the details are

described in Chapter 2.1.

7.6.3 Results and Discussion

Fig. 7.18(a) shows the survey XPS spectra for the WOx thin films.
The characteristic XPS peaks of W, O, C, and N atoms and the Auger lines of
O atom represented as O KLL were detected. Because nitrogen did not deal
with the deposition process, the peak of nitrogen could be arose from the
impurity in the sputter chamber. To obtain the chemical information of WOx
thin films, high resolution XPS spectra in the binding energy regions of W 4f
and O 1s were observed as shown in Fig. 7.18 (b) and (c), respectively.
Although the W 4f spectra have doublet peak with spin orbit splitting energy
of 2.15 eV, three peaks were detected. Thus, at least two oxidation states of

W are existed in the surface of WOx thin films.  After deconvolution process,
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Fig. 7.18 Survey XPS spectra (a) and high resolution XPS spectra of W 4f (b)
and O Is (c). The inserted lines are indicated the binding energy of each
peak maximum.
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W 4f spectra were decomposed to three peaks, W* (33.43 eV), W>* (34.56
eV), and W®" (35.54 eV). The ratio of each peaks are 34.6, 7.7, and 57.7 %
from low to high oxidation states of Mo. The deconvoluted XPS spectra of O
Is are revealed the existence of O with three different oxidation state. These
peaks are corresponded to 0%~ (530.70 eV), O~ (531.56 V), and surface O (O-
Surf., 532.61 eV). From the results of deconvolution, the chemical
composition considering with peak area and atomic sensitivity factors for W 4f

0of 2.000 and O 1s of 0.640 was obtained as WO2.74.

7.6.4 Conclusion

WOx thin films were deposited on SiO2 coated Si(100) substrate by rf
magnetron sputtering. The chemical state of WOx thin films were analyzed
by X-ray photoelectron spectroscopy. Three species, W**, W' and W¢*
were detected in W 4f spectra and O>", O™, and surface oxygen were observed
in O 1s spectra. The chemical composition of WOx thin films was calculated

tox =2.74.
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7.7 BasP4O13_Eu

7.7.1 Introduction

In the phosphorous materials, controlling the ratio of Eu** to Eu®* is
important to apply in industrial application. Most of studies about
phosphorous materials have been focused on the photoluminescence properties,
a few papers reported the oxidation state of Eu atom investigated by X-ray
photoelectron spectroscopy (XPS) [7.71-7.73]. XPS is widely used
technique to obtain the chemical information, such as, oxidation state of metal,
surrounding environment of atoms, qualitative and relatively quantitative
analysis of surface. In this research, XPS analysis of Ba;P4O13 Eu samples
were performed and obtained the relative ratio of Eu®" with different Eu

concentration in air condition.

7.7.2 Experimental

The chemical environment of BasP4O13_Eu samples was analyzed by
X-ray photoelectron spectroscopy (XPS, VG, ESCALAB MKII, UK) with a
concentric hemispherical analyzer (CHA). The Ba3P4O13_Eu samples were
introduced into load-lock chamber and pumped with a rotary vane (RP) and a
turbo molecular pump (TMP) during overnight. The purity of BasP4O13_Eu
was confirmed by survey scan with Al Ka X-ray source (1486.6 eV) with

beam current of 20 mA, filament current of 5.2 A, high voltage of 9 kV,
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energy step of 0.5 eV, dwell time of 100 ms, and channeltron voltage of 3100
V. The base pressure of XPS chamber was about 5.0x107'° Torr and the
working pressure was maintained below 5.0x10° Torr. High resolution XPS
spectra were obtained at the step size of 0.02 eV and other parameters were
consistent with those used for survey spectra. The obtained XPS spectra
were deconvoluted using XPSPEAK program (ver. 4.1) and the ratio of
Gaussian to Lorentzian function for each peak was set to 70 and 30%. The
charge accumulation effect was eliminated by shift of spectra based on the

result of deconvoluted C 1s spectra.

7.7.3 Results and Discussion

To identify the oxidation state of Ba, Eu, and P atoms, XPS technique
was applied on BasP4O13_Eu samples. = Fig. 7.19 shows the deconvoluted
high resolution XPS spectra of Ba 3d region with respect to Eu concentration.
In this section, the sample notation A-0.02 means that the sample was
synthesized with 0.02 mol% of Eu in air condition. The Ba 3d spectra
showed that no significant difference in binding energy as well as intensity
were observed with increasing Eu concentration. Ba 3d spectra were well
consistent with 1 doublet peak with 15.4 eV of spin obit splitting (SOS) and it
was assigned to Ba?* (780.2+0.1 eV) [7.74,7.75]. It implies that Eu
concentration did not affect on the chemical state of Ba atom. The highest
peak intensity about Eu atom in the XPS spectra was Eu 3d region which is

positioned at ~1136 eV for Eu 3ds;2 and ~1165 eV for Eu 3ds/.
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Fig. 7.19 High resolution XPS spectra of Ba 3d region with different Eu
concentration. The dotted line is inserted to easily detect the peak position.
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In BasP4O13_Eu sample, the binding energy of Eu 3ds2 was
overlapped with that of Ba 3p12 at ~1137 eV. Thus, Lu ef al. studied Eu 4d
spectra instead of Eu 3d to identify the oxidation state of Eu atom in
Bai«EuxTiO3 samples [7.71]. Unfortunately in our sample, the peak position
of Eu 4d also approaches that of P 2p positioned at ~135 eV. Therefore, the
analysis of Eu atom was conducted as the deconvolution of Eu 3ds. region.
The high resolution XPS spectra of Ba 3p12 and Eu 3d region were shown in
Fig. 7.20 (a). It indicates that the Eu 3d32 peak at ~1165 eV evolved after 1%
of Eu concentration and gradually increased with increasing the Eu
concentration. - However, the peak at ~1155 eV appeared regardless of Eu
concentration. The Eu 3d3. region without Ba effect was deconvoluted and
representative spectra are shown in Fig. 7.20 (b). After the deconvolution
process, we could mention that two Eu species with different oxidation states,
Eu?" (1155.3+0.1 eV) and Eu** (1164.4£0.1 eV), were detected from all
samples [7.73]. When the Eu concentration increased, the intensity of Eu**
was almost constant while that of Eu** gradually increased. The percentage
of Eu species was deduced by deconvolution of Eu 3ds2 and shown in Fig.
7.21. It clearly showed that the oxidation state of Eu changed with different
Eu concentration. The calculated Eu?" percentage is close to 70% for A-0.02
and then dramatically decreased to ~50% with increasing the Eu concentration.

Finally Eu?" percentage was reached to ~25% for A-20.
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Fig. 7.20 (a) High resolution Ba 3p12 and Eu 3d XPS spectra (b) Deconvoluted
high resolution Eu 3ds» XPS spectra.
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Fig. 7.21 Relative ratio of Eu species, Eu?* and Eu** with different Eu
concentration.
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7.7.4 Conclusion

One of the phosphorous materials, BazP4O13_Eu were synthesized and
XPS studies was conducted. XPS analysis revealed that the mixture of Eu*"
and Eu®* species are detected and the relative ratio of Eu** is gradually
decreased with higher Eu concentration. The oxidation state of Ba did not

affect by the concentration of Eu.
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7.8 ZnO Thin Films

7.8.1 Introduction

ZnO is considered as a n-type semiconducting material with a direct
wide band gap of 3.3 eV [7.76] which has a hexagonal wurtzite structure
[7.77], a chemical stability, a superior electrical conductivity and transparency,
and a large exciton binding energy of 60 meV [7.78]. From these properties,
ZnO is used for an electron transfer layer (ETL) in organic solar cell [7.79].
In solar cell industry, energy band diagram of ZnO is crucial to increase in the
efficiency of solar cell.  If the conduction band minimum (CBM) of ETL is
higher than that of active layer, energy barrier from active layer to ETL is
occurred and the efficiency of solar cell becomes low. On the other hand it is
relatively easy to synthesize ZnO with various shapes, such as nanoparticles
(NPs) [7.77], nanorods (NRs) [7.80], and nanopencils [7.81]." The shape of
ZnO can effect on the energy band alignment, such as CBM, valence band
maximum (VBM), and Fermi level. In this chapter, two types of ZnO thin
films consisted with NPs and NRs are prepared and the energy band diagram

was estimated by applying several techniques.

7.8.2 Experimental
ZnO NPs and NRs are prepared by the method of Beek et al. [7.80].

Zinc acetate dihydrate (Sigma-Aldrich, 2.95 g, 13.4 mmol) and potassium

196

Collection @ pknu



hydroxide (Sigma-Aldrich, 1.48 g, 23 mmol) were dissolved in 125 and 65 ml
of methanol at 62°C and room temperature, respectively. Potassium
hydroxide solution was added into zinc acetate solution for 10 min under
stirring. The precipitation of zinc hydroxides is occurred, however it
dissolved. After 5 min, the solution became slightly transparent.  After 2
hrs, ZnO NPs precipitated and the solution became turbid. ZnO NPs were
obtained by centrifugation and washed twice with methanol. To synthesize
the ZnO thin films, ZnO NPs were dispersed in the mixed solvent consisting
of 50 ml of chlorobenzene and 50 ml of isopropyl alcohol. Dispersed
solution of ZnO NPs is almost transparent and stable for more than 6 months
without any treatment. The synthesis of ZnO NRs was started at the end of
the precipitation ZnO NPs. Instead of centrifugation, the solution was
stirring until the volume was reduced to 1/10 and then heated for 4 hrs at 60°C.
And the cleaning and dispersion process were performed as the same as ZnO
NPs. Finally, ZnO NR solution was translucent and stable until two months.
Before fabrication of ZnO thin films, ITO/glass substrates were ultrasonicated
by several solvents: trichloroethylene, acetone, isopropyl alcohol, and distilled
water for 10 min. And the substrates were blew by nitrogen. The ZnO NPs
and NRs thin films were deposited by spin coating method under 1000 rpm for
30 sec. The deposited films were annealed with 150°C for 10 min in glove
box.

The VBM spectra are analyzed by XPS (VG, ESCALab MKII, UK)

with Mg Ko X-ray source. The X-ray source was operated with the high
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voltage of 9 kV and the current of 20 mA. The spectra were collected with a
pass energy of 50 eV and energy step of 0.02 eV in constant analyzer energy
(CAE) mode. The UPS spectra are taken from He I source with a filament
voltage of 0.54 kV and a filament current of 56 mA. During UPS experiment,
the working pressure was maintained at about 1.1x1077 Torr.  To distinguish
the peak between sample and detector, sample bias was applied to 7 V. The

other parameters were the same as VBM spectra.

7.8.3 Results and Discussion

To obtain the energy band diagram, VBM and work function (WF)
were obtained by XPS and UPS technique, respectively. Fig. 7.22 shows
valence band spectra of Zn NPs and NRs. The charge accumulation on the
sample was corrected by shifting to aliphatic carbon at 284.6 eV. ' The sharp
peak at about 10 eV was assigned to Zn 3d spectra and the broad peak, density
of state (DOS) from 7 to 3 eV was also observed from the samples. From the
DOS, VBM was calculated [7.82-7.84]. The intersection point of two linear
lines obtained by using a least square method is VBM and the values of VBM
are 2.47 and 2.75 eV for ZnO NPs and NRs, respectively. Fig. 7.23 shows
the UPS spectra of ZnO NPs and NRs. UPS spectra can plot two axes,
binding energy and kinetic energy and UPS spectra in this figure presented the
intensity versus kinetic energy. Thus the region at low kinetic energy
possesses the information of secondary cutoff and that at high kinetic energy

indicates Fermi level. The values of secondary cutoft and Fermi level were

198

Collection @ pknu



Zn 3d

A=0.28 eV

cps [a.u.]

20 15 10 5
Binding Energy [eV]

Fig. 7.22 Valence band spectra of ZnO NPs and NRs. Red and orange lines
indicated the VBM of NPs and NRs, respectively.
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Fig. 7.23 UPS spectra of ZnO NPs and NRs.
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calculated by the same method as VBM. The secondary cutoff and Fermi level
of ZnO NPs were 8.67 and 25.28 eV and those of ZnO NRs were 8.73 and
25.18 eV, respectively. The work function is calculated by following
equation,

Peampie = v — (Fermi edge - Secondary edge) .

Thus, the determined work functions are 4.59 and 4.75 eV for ZnO NPs and
NRs. The obtained VBM and WF are used to determine the energy band
diagram as shown in Fig. 7.24." The Fermi level, VBM, and conduction band
minimum (CBM) were calculated by using the value of work function, VBM,
and band gap. The band gap is obtained by UV-vis spectroscopy and the
obtained values are 3.47 and 3.28 eV for ZnO NPs and NRs (not shown here).
The starting point of energy band diagram is the assumption of Ev equals zero.
For example, in ZnO NPs, the value of Fermi level, 4.59 eV was confirmed by
work function. The VBM in the energy band diagram, 7.06 eV was
calculated by adding VBM (2.47 e¢V) to Fermi level (4.59 eV) [7.85]. Finally,
band gap, 3.47 eV was subtracted from the value of VBM in the energy band
diagram (7.06 eV) is CBM (3.59 eV) [7.85]. From this energy band diagram,
the values of CBM and VBM in ZnO NRs are lower than those of NPs. It

means that different shape of ZnO can adjust the energy band of ZnO.
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Fig. 7.24 Energy band diagram of ZnO NPs and NRs. The numbers have
scale of eV.
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7.8.4 Conclusion

In this chapter, the energy band diagram of ZnO NPs and NRs are
calculated by using three different techniques. The VBM, work function, and
band gap were obtained by XPS, UPS, and UV-vis spectroscopy, respectively.
The Fermi level was verified by work function and then VBM in the energy
band diagram was obtained using Fermi level and VBM from XPS. Finally,
CBM was confirmed by VBM in the energy band diagram and band gap.
From this process, we can determine the energy band diagram of two types of

ZnO and verified the difference, VBM and CBM of ZnO NPs and NRs.
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APPENDICES

Appendix A: Procedure for Baking the EES Chamber

- Whenever the EES chamber was vented to atmosphere, the EES chamber
should be baked by heating up to ~200°C using halogen lamps and

heating tapes until the pressure is steady state.

- Baking procedure should be started at the pressure of 1077 Torr range.

1. Take samples (carbon tape used) out.

2. Connect the digital multimeter with the K-type thermocouple to read
the temperature of the EES chamber.

3. Drain the D.W. from X-ray source and target of rf sputter.

4. Remove all cables (electron gun for AES, UV, Ar sputter guns for
cleaning and depth profile, CHA, AES/LEED, QMS, convectron
gauge, bias line for UPS, N2 gas line for vent, cooling lines for X-ray
source and rf sputter target) and a magnet of rf sputter except the

cables of IPs and TSPs.
5. Lower the setting temperature of chiller for TMP down to 12°C.

6. Open the MGV between sample transferring part and sample load-

lock part in sample preparation chamber.
7.  Wrap the EES chamber with heat resistant blankets.

8. Connect the power of halogen lamps and heating tapes with voltage

transformers using multitaps. Distribute the power evenly for safety.

9. Plug the multitaps to wall power.
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10. Set the power of transformers given as following.
A. Heating tapes for IP (720 L/s, 2 ea): 220 V
B. Heating tapes for IP (360 L/s, 1 ea): 140 V
C. Heating tapes for TSP (main, 1 ea): 220 V
D. Heating tapes for CHA (1 ea): 170 V
E. Heating tapes for elbow at IP (720 L/s, 1 ea): 170 V
F. Heating tapes for TMP (2 ea): 160 V
G. Halogen lamps (3-ea): 100 V
11. Record the pressure and temperature of the EES chamber periodically.
12. Finish the baking when the pressure is in steady state (~3.0x10~7 Torr).
A. Turn off the transformers.
B. Take off the blankets.

C. Wait to cool down the EES chamber before degassing the

filaments.
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Appendix B: Procedure for Degassing the Equipment

- Degas the filaments of the equipment or pumps after baking process as

following sequence.

B-1: Titanium Sublimation Pump (TSP)
Sublimation Pump Supply SPS6
1. Check the pressure of the EES chamber (~1.0x107® Torr).
2. Check the [SUPPLY] button is on.

3. Push the [MODE] button (yellow) in [STATUS]. . Yellow and green
lights will be on and the filament current will be increased. First
time of ON/OFF should be instant and then increased the ON/OFF

time.

4. Select other Ti filaments using the selector and follow the steps as

given.above.

B-2: Ion Pump (IP)
VIPC4200: CHI for IP (720 L/s) and CH2 for IP (360 L/s)
IPC-200: IP at rf-sputter chamber
1. Check the pressure of the EES chamber (~1.0x1078 Torr).
2. Turn on the power.

3. Push the [HV] button and then push [ST] button. The pressure will
be dramatically increased. First time of ON/OFF should be instant
and then increased the ON/OFF time. This process should be

performed until the pressure is in steady state.

225

Collection @ pknu



B-3: UV Lamp
UV Lamp Control Unit
1. Check the pressure of the EES chamber (~1.0x107° Torr).
2. Connect the cable: black - up and red - down.
3. Turn on the power using [MAINS] switch.

—> The voltage and current will be increased.

B-4: Quadrupole Mass Spectrometer (QMS)
RGA program
1. Check the pressure of the EES chamber (~1.0x107? Torr).
2. Mount the QMS control box to QMS head at EES chamber.
A. Connect the RGA200 cable with the QMS port.
B. Tighten the RGA200 cable using knobs.
3. Connect the power and RS232 and ground cables.
4. Turn on the power.
5. Open the RGA program.
6. Click the [Utilities] and then click the [RS232 Setup].
A. Check the COM Port: [COM1].
B. Click the [Connect] button.
7. Click the [Head] and then click the [Degas].

8. After finishing the degassing, click the [Utilities], [RS232 Setup],

and [Disconnect].
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9. Close the RGA program.

10. Turn off the power.

B-5: Argon Ion Sputtering Gun
Iom Gun Power Supply 86 79 11
1. Check the pressure of the EES chamber (~1.0x107° Torr).
2. Push the power button.
3. Turn the knob to [DEGAS] in [FUNCTION].
4. After finishing the degassing, red lights will be blinking.

5. Turn the knob to [0] and push the power button.

B-6: Argon Ion Depth Gun
400X Gun'Supply
1. Check the pressure of the EES chamber (~1.0%10~° Torr).

2. Push the power button. —Yellow light will be on and the filament

current will be increased.
3. Wait for ~5 min.

4. Decrease the filament current slowly and push the power button.

B-7: Electron Flood Gun
Flood Gun Supply Unit 401

1. Check the pressure of the EES chamber (~1.0x107° Torr).
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Push the power button.

Increase the filament current slowly using knobup to 2.2 A. 0.2 A of
increment is recommended. The emission current will be increased

after 2.0 A of filament current.
Wait for ~5 min.

Decrease the filament current slowly and push the power button.

B-8: Electron Source for AES

Gun Supply

1.

2.

Check the pressure of the EES chamber (~1.0x10° Torr).
Change the toggle switch of power to [ON].

Increase the filament current slowly using knob up to 2.1 A. 0.2 Aof

increment is recommended.
Wait for ~5 min.
Decrease the filament current slowly.

Change the toggle switch of power to [OFF].

B-9: X-ray Source for EES

XRCB-01, XRHVO01-PS, XR40B-EC

1.

2.

Check the pressure of the EES chamber (~1.0x107° Torr).
Chiller (HX-20H and XRCB-01).
A. Turn on the power.

B. Check the setting temperature of chiller. If the temperature
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setting is not 18°C, push the [MENU] button and set the

temperature at 18°C using arrow buttons.
3. X-ray source (XRHVO0I1-PS and XR40B-EC).

A. Turn on the power of two controllers. The display and green

light of POWER will be on.
B. Push the [STBY] button. Green light of OPERATE will be on.
C. Check the arrow in panel is located at filament voltage.

D. Increase the high voltage up to 14. 0 kV using knob. 1 kV of
increment is recommended. Watch the pressure and adjust the

increasing speed.
E. Push the [U/Ie] button to select the filament current.

F. Increase current to 20 mA for Mg and 30 mA for Al source using

knob. 0.5 mA of increment is recommended.
G. Wait for ~5 mins.

H. Decrease the current slowly, push the [U/Ie] button, decrease the

voltage slowly, and then push the [STBY] button.
I.  Change the anode type.
1. Push the [MENU] button.

ii. Check the ANODE TYPE and push the [OK] button.

iii.  Select the anode type, Aluminium or Magnesium, using

[ARROW] button and then push the [OK] button.

iv. Push the [ESC] button.
J.  Degas other anode as follow step B~H.

K. Turn off the power of two controllers.
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4. Turn of the chiller after 1 hr.

B-10: X-ray Source for SAM

362 Spectrometer Control Unit, 360 and 367C X-ray source

1. Check the pressure of the EES chamber (~1.0x107° Torr).

2. Turn on the chiller (HX-20H).

3. Set the spectrometer control unit.

A.

B.

Push the [POWER] button.

Move the [ENERGY] knob to Al B.E. or Mg B.E. to select Al or

Mg anode. Two anodes are need to degas.

4. Set the X-ray source

A.

B.

Change the toggle switch to [MAINS ON]. Red light will be on.
Move the knob to [START].

Push the [ON] button (green) in MAINS: * Filament current will

be increased ~5 A.

Increase the anode volts using the knob in ANODE VOLTS until

emission reads to 20 mA.
Move the knob to [S mA] and slightly increase the volts.
Move the knob to [10 mA] and slightly increase the volts.

Move the knob to [20 mA] and increase the volts until emission

reads to 20 mA.
Wait for ~5 min.

Move the knob to [10 mA] and then [5 mA].
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J.  Decrease the volts.
K. Move the knob to [START].
L. Drop the voltage down to zero.
M. Push the [OFF] button (red) in MAINS.
5. Wait for ~5 min.
6. Change the anode by step 3.B.
7. Degas the anode.
8. Push the [POWER] button in the spectrometer control unit.

9. After 1 hr, turn off the chiller.

B-11: LEED/AES

Spectraleed Control Unit

Description below is that we are doing Auger Electron Spectroscopy.

If you want to do LEED experiment, change the cable at the back
panel of the Spectraleed Control Unit.

1. Check the pressure of sample preparation chamber (~1.0x107° Torr).
2. Push the [MAINS] button.

3. Check the selection is [AUGER] instead of [LEED].

4. Push the [I FIL] button.

5. Increase the filament current slowly up to 1.25 A. 0.1 A of increment

is recommended. Watch the pressure and adjust the increasing speed.
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6. Push the [E] button.

7. Increase the high voltage slowly up to 3 kV. 0.2 kV of increment is

recommended. Watch the pressure and adjust the increasing speed.
8. Wait for ~5 min.
9. Decrease the high voltage slowly.
10. Push the [I FIL] button and decrease the filament current slowly.

11. Push the [MAINS] button.
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Appendix C: Procedure for Loading and Unloading Samples

- Think before doing anything (assume that what you are doing is wrong

and needs to be rethought).
- Check the valves before opening or closing anything.

- Remember to wheel tracks back before shutting valves between

chambers.

Analysis Chamber Sample Preparation Chamber| rf—-Sputter Chamber

IP 720 L/s

— IP'360L/s

1. Move the sample to load-lock chamber.
A. Pump the load-lock chamber.
i. Close the MGV and then open the LGV.
ii. Wait at least 1 hr.
B. Close the LGV and then open the MGV.

C. Open the LP-GV slowly. Watch the pressure and adjust the
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opening speed.
D. Put the rail into the sample preparation chamber.
E. Move samples into load-lock chamber using wobble sticks.
F. Take the rail out of the sample preparation chamber.
G. Close the LP-GV valve.
H. Pump the sample preparation chamber for ~10 min.
2. Vent the load-lock chamber and change the sample.
A. Close the MGV and check that the LP-GV and LGV are closed.
B. Turn off TMP.

1. Push the [START/STOP RESET] button and check the
PUMP READY: PUSH START BUTTON in panel.

ii. Wait at least 1 hr.

C. Recheck that the LP-GV, LGV, and MGV are closed.

D. Open the valve of N2 gas cylinder counterclockwise.

E. Open the nupro vent valve counterclockwise.

F. At 760 mTorr, open the door, load samples, and close the door.
3. Pump the load-lock chamber.

A. Close the vent valve and the valve for N2 gas cylinder.

B. Turn on the hood.

C. Open the LGV slowly and wait until the pressure is about ~20

mTorr.
D. Turn on TMP.

1. Push the [START] button and check the NORMAL
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OPERATION in panel.

ii. Overnight pumping is preferred.

4. Move the sample to sample preparation chamber.

A.

B.

* Manipulator Settings for Various Techniques (in black scale).

Close the LGV and then open the MGV.

Open the LP-GV slowly.

opening speed.

Put the rail into the sample preparation chamber.

Watch the pressure and adjust the

Move samples into load-lock chamber using wobble sticks.

Take the rail out of the sample preparation chamber.

Close the LP-GV valve.

XPS AES UPS ISE § EXO05
X 10.70 9.62 13.50 9.70 14.50
Y 11.30 15.70 15.00 21.50 12.30
Z 19.50 15.70 ¥ ) 17.75 19.50
0 210° 190° 175° 305° 160°
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Appendix D: Procedure for XPS

D-1: XPS at EES Chamber

- Don’t use liquid samples.

- Make sure equipment is not running while loading or unloading samples.

- Don’t touch wires when high voltage is on.

1. Set the sample position for XPS experiment.

X:10.70
Y: 11.30
Z:19.50
0: 210°

(All numbers are on black scales)

2. X-ray source (XRCB-01, XRHVO01-PS, and XR40B-EC).

A.

B.

Turn on the power of chiller (HX-20).

Check the setting temperature of chiller. If the temperature
setting is not 18°C, push the [MENU] button and set the

temperature at 18°C using arrow buttons.
Turn on XRCB-01.

Turn on the power of two controllers. The display and green

light of POWER will be on.

Check the anode type in panel. If the change of anode type is

needed, follow the steps as below.
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i. Push the [MENU] button.

ii. Check the ANODE TYPE and push the [OK] button.

iii. Select the anode type, Aluminium or Magnesium, using

[ARROW] button and then push the [OK] button.

iv. Push the [ESC] button.
F. Push the [STBY] button. Green light of OPERATE will be on.
G. Check the arrow in panel is located at filament voltage.

H. Increase the high voltage up to 14.0 kV using knob. 1 kV of
increment is recommended. Watch the pressure and adjust the

increasing speed.
I.  Push the [U/Ie] button to select the filament current.

J. Increase current to 20 mA for Mg and 30 mA for Al source using

knob. 0.5 mA of increment is recommended.

3. 340/361 Lock-in amplifier.

Pull the power button.
4. 363 Spectrometer indicator.

A. Turn on [MAINS] switch.

B. Check the [SCINTILLATOR] is off.

C. Check the switch to ESCA.
5. 362 Spectrometer control unit.

A. Push the [POWER] button.

B. Check the energy selection knob to Al B.E.

6. 434 Electron multiplier.
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A. Push the [POWER] button.

B. Turn on the toggle switch in the channeltron voltage panel.
7. 454 ESCA lens power supply.

A. Push the [POWER] button.

B. Push the [HIGH VOLTAGE].
8. Open the XPS program: XPS-Survey, XPS-narrow.

9. Change the settings as necessary.

Condition Survey Narrow
Analyzer transmission CAE 100 eV CAE 50 eV or 20 eV
Dwell time [ms] 100 100
Step [eV] 0.5 0.05
Sweeps 4 9

10. Run the XPS program.

11. After finishing the measurement, follow the step as above inversely.
D-2: XPS at SAM Chamber

1. Set the sample position for XPS experiment.
2. 367C X-ray source.
A. Turn on the power of chiller (HX-20).

B. Check the setting temperature off chiller. If the temperature
setting is not 18°C, push the [MENU] button and set the

temperature at 18°C using arrow buttons.

C. Move the toggle switch to MAINS ON. Red light will be on.
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D. Selection knob to [START].

E. Push the [ON] button (Green) in [MAINS].

F. Increase the anode volts until emission reads to 20 mA.

G. Move the knob to 5 mA and slightly increase the anode volts.
H. Move the knob to 10 mA and slightly increase the anode volts.
I.  Move the knob to 20 mA.

J. Increase the anode volts until emission reads to 20 mA.

K. Anode Volts stays about 9.0 kV and filament current stays
between4 and 5 A.

3. 340/361 Lock-in amplifier.
Pull the power button.
4. 363 Spectrometer indicator
A. Turn on [MAINS] switch.
B. Check the [SCINTILLATOR] is off.
C. Check the switch to ESCA.
5. 362 Spectrometer control unit
A. Push the [POWER] button.
B. Check the energy selection knob to Al B.E. or Mg B.E.
6. 434 Electron multiplier
A. Push the [POWER] button.
7. 454 ESCA lens power supply

A. Push the [POWER] button.
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B. Turn on the toggle switch in the channeltron voltage panel.

8. 454 ESCA lens power supply.

A. Push the [POWER] button.

B. Push the [HIGH VOLTAGE]

9. Open the XPS program: XPS-Survey, XPS-narrow.

10. Change the settings as necessary.

Condition Survey Narrow
Analyzer transmission CAE 100 eV CAE 50 eV or 20 eV
Dwell time [ms] 100 100
Step [eV] 0.5 0.05
Sweeps 4 9

11. Run the XPS program.

12. After finishing the measurement.

A.

B.

Turn off the electron multiplier and ESCA lens power supply.
Selection knob to 10 mA and then 5 mA.

Lower anode volts down slowly.

Selection knob to start.

Lower the voltage down to zero.

Turn off [MAINS] switch.

Turn off other controllers.
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Appendix E: Procedure for AES

1. Set the sample position for AES experiment.
2. 432 Gun Supply.
A. Change the toggle switch of power to [ON].

B. Increase the filament current slowly using knob up to 2.1 A. 0.2

A of increment is recommended.
C. Check the beam current is positioned at indicator.
D. Change the toggle switch of HV to [ON].
E. Increase the HV slowly using knob up to 3 kV.
3. 340/361 Lock-in amplifier.
Pull the power button.
4. 363 Spectrometer indicator
A. Turn on [MAINS] switch.
B. Check the [SCINTILLATOR] is off.
C. Check the switch to ESCA.
5. 362 Spectrometer control unit
A. Push the [POWER] button.
B. Check the energy selection knob to Al B.E. or Mg B.E.
6. 434 Electron multiplier
A. Push the [POWER] button.

7. 454 ESCA lens power supply
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A. Push the [POWER] button.
B. Turn on the toggle switch in the channeltron voltage panel.
8. 454 ESCA lens power supply.
A. Push the [POWER] button.
B. Push the [HIGH VOLTAGE].
9. Open the AES program: DATAuger.
10. Change the settings as necessary.
11. Run the AES program.

12. After finishing the measurement, follow the step as-above inversely.
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Appendix F: Procedure for UPS

ON Process
1. Set the sample position for UPS experiment.
2. Close GVs for IPs.
3. Turn off the IG of analysis chamber.
4. Open MGV (two and half turns).
5. 232 UV Lamp Control Unit

A. Check that RP and TMP for UPS are on and lamp lines are
pumped. If the pumps are off, turn on the pumps and do not

open the valve, just pump the lines (at least 1 hr).
B. Just open the RP valve and fully open the TMP valve.

C. Turn on mains. The voltage will be immediately increased.

The current will be increased when the UV light appeared.
D. Check the knob to [MAX].
E. Open the He gas cylinder.
F. Open the nupro valve (green) of He.

G. Slowly open the leak valve of He until UV light appeared. The
pressure must be lower than 1.5%1077 Torr (by IG of sample

preparation chamber).
H. Open the MGV fully.
I.  Close the leak valve until ~1.5x107" Torr.

6. 340/361 Lock-in amplifier.
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Pull the power button.
7. 363 Spectrometer indicator
A. Turn on [MAINS] switch.
B. Check the [SCINTILLATOR] is off.
C. Check the switch to ESCA.
8. 362 Spectrometer control unit
A. Push the [POWER] button.
B. Check the energy selection knob to Al B.E. or Mg B.E.
9. 434 Electron multiplier
Push the [POWER] button.
10. 454 ESCA lens power supply
A. Push the [POWER] button.
B. Turn on the toggle switch in the channeltron voltage panel.
11. Sample bias (Farnell D30 2T)
A. Connect the power supply lines: black-sample and red-chamber.
B. Push the [INPUT] and then [AMP OUTPUT] buttons.
C. Increase the voltage using knob (normally 10 V).
12. Open the UPS program.

13. Change the settings as necessary.

Condition UPS
Scan range [eV] 0~40
Analyzer transmission CAE 20 eV
Dwell time [ms] 100
Step [eV] 0.02
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\ Sweeps \ 9

14. Run the UPS program.
15. After finishing the measurement,
A. Close the leak valve.
B. Open the GV of pumping.
C. Close the nupro valve and Ar cylinder.
D. Turn off the electron multiplier and ESCA lens power supply.
E. Turn off other controllers.
F. Turn off sample bias.

G. Open the GVs of IPs at < 1.5x10? Torr (wait for ~1 hr).
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Appendix G. Procedure for Electron Flood Gun

- Use the electron flood gun during XPS and AES experiment.

1. Push the power button.

2. Increase the filament current slowly using knobup to 2.2 A. 0.2 A of
increment is recommended. The emission current will be increased

after 2.0 A of filament current.

3. After finishing the measurement, decrease the filament current slowly

and push the power button.
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Appendix H. Procedure for Ar Ion Sputtering

1. Set the sample position for Ar Ion Sputtering (ISE 5 and EXO05).
2. Close the GVs for IPs.

3. Close the MGV until the gate is touched.

4. Open the Ar cylinder.

5. Open the nupro valve for Ar.

6. Attach the magnet.

7. Take X-ray source back.

8. Slowly open the leak valve to introduce the Ar into the analysis

chamber and adjust the pressure (~1.0x107° Torr).

For ISE 5
9. Push the power button.
10. Increase the beam energy using knob.
11. Record the pressure, target current, and sputtering time.

12. After finishing the sputtering, decrease the beam energy and turn off

the power.

For EX05
9. Push the power button and check the [ION ENERGY] (>3 keV).

10. Move the knob to [OPERATE].
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11. Record the pressure, target current, and sputtering time.

12. After finishing the sputtering, move the knob to [0] and then turn off

the power.

13. Close the leak valve.
14. Open the GV of pumping.
15. Close the nupro valve and Ar cylinder.

16. Open the GVs of IPs at < 1.5x10~° Torr (wait for ~1 hr).
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Appendix 1. Procedure for Depth Profile

10.

1.

12.

17.

18.

19.

20.

Set the sample position for depth profile (400X).
Close the GVs for IPs.

Close the MGV until the gate is touched.

Open the Ar cylinder.

Open the nupro valve for Ar.

Attach the magnet.

Take X-ray source back.

Slowly open the leak valve to introduce the Ar into the analysis

chamber and adjust the pressure (~1.0x107° Torr).

Push the power button. Yellow light will be on and the filament

current will be increased.
Move the toggle switch to [HT] from [STANDBY].
Move the toggle switch to [ON]. The sputter will be operated.

After finishing the sputtering, move the toggle switches to [OFF],
[STANDBY], and turn off the power.

Close the leak valve.
Open the GV of pumping.
Close the nupro valve and Ar cylinder.

Open the GVs of IPs at < 1.5x10~° Torr (wait for ~1 hr.)
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Appendix J: Procedure for Quadrupole Mass Spectrometer

(QMS)

1. Turn on the power.

2. Open the RGA program.

3. Connect QMS with RGA program.
A. Click the [Utilities] and then click the [RS232 Setup].
B. Check the COM Port: [COM1].
C. Click the [Connect] button.

4. Turn on the filament.

Click the [Head] and then click the [Filament On].

5. Turn on the electron multiplier.
A. Click the [Channel Electron Multiplier]
B. Click the [On] in"Channel Electron Multiplier panel.
C. Click the [OK].

6. After finishing the measurement, turn off the electron multiplier and

filament, and disconnection.
7. Close the RGA program.

8. Turn off the power.
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Appendix K: Procedure for rf Sputtering in UHV

1. Load the substrate on the precision 5-axis manipulator. Use the

wobble sticks with caution.

2. Adjust the sample position for rf sputtering. Refer the guide lines on

the Z-axis of the manipulator.

3. Turn on the power of chiller (HX-20). Check the setting temperature

and the water valves are opened.
4. Pre-pumping the gas line then fill up the gas line with desired gases.
5. Deposit the film.
A. Checklist before deposit the film.
1. Close the RP-GV.
ii. Turn off the IP and IG.
iii. “Turn on the chiller.
iv. Close the target shield.

B. Adjust the rf power to desired value (depending on the target and
100 W is normally used to starting point).

C. Adjust the working pressure to ~25 mTorr (by convectron gauge)

using GV.

D. After the pre-sputtering, sputter the target as the shield open.
The time of pre-sputtering and sputtering is normally 5 and 10

min, respectively.
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Appendix L: Procedure for rf co-Sputtering

1. Cleaning substrate
- Never touch the surface of substrate with bare hands.
A. Wear gloves and using tweezers.
B. Wipe the substrate (glass or Si wafer) with acetone.

C. Attach the kapton tape at the end of substrate (2 mm) for

thickness measurement.

2. Install substrate
- For all toggle switches, upside is on and downside 1s off.

- [V] means valve and it needs few seconds for fully operation.

Please wait until no more air leaking sound.

- Never touch the switch of [TURBO] (red light) and [RP] (green
light) in power & schematic diagram panel. A turbo molecular pump

(TMP) and a rotary vane pump (RP) must be always working.
A. Off[MV]. Orange light is off.

B. Vent the chamber: On [HLV]. You can check the pressure using

convectron gauge from 0.0 mTorr to 780 Torr.
C. Open the lid: On [CHAMBER].
D. Install the substrate at desired position using a clean screw driver.

E. Check the cleanliness of the inside of the chamber and target at

the bottom of chamber.
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F. Off [CHAMBER] and [HLV].
G. Pumping by RP: Off [FV] and then On [RV].

H. Pumping by RP and TMP: Off [RV] and then On [FV] and [MV].

The pressure will be reach ~0.0 mTorr by a convectron gauge.

3. Measure pressure

A. Check the pressure using convectron gauge (0.0 mTorr is

minimum).
B. Open the gate valve of ion gauge (I1G).
C. Read the pressure by IG.
1. Open the gate valve.

ii. Select IG by pushing [CHAN] button until OFF sign on the
display.

iii. . Push [EMIS] for IG and read the base pressure.

D. Turn off IG and close MGV.

4. Set temperature
A. Change [Prog/PV] switch to [Prog].

B. Push [Shift] + [Seg/Check] together to change mode until LEVL

appears.
C. Change the temperature by using side and up arrows.
D. Restore the temperature by pushing [Ent/End] button.

E. Turn on the [TP] switch to heating.
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F. Change [Prog/PV] switch to [PV].
G. Start heating by pushing [Run/Step] button.
H. Adjust the [volume] knob to get desired temperature.

I.  Push [Hold] button to maintain at the target temperature when the

SV value reached just below the target temperature.

J.  After finishing the experiment, push [Shift] + [Seg/Check]
together.

5. Deposit film
A. Close MGV until feels the door touched.
B. Set the mass flow controller (MFC).

i. Turn on the power switch. Red number is real flow value

and yellow number is set value.
ii." On [GMV] toggle switch.

iii. On [CH-1] for Ar and [CH-2] for O2/N2, if needed. These are

toggle switches.

iv. Set MFC to desired value using knob (normally P(Ar) = 20

sccm).
C. Turn on the rf generators and matching boxes.

D. Increase the rf power slowly while watching the view port
whether plasma generated or not. When the plasma is generated,

measure time.

E. Adjust working pressure to ~45 mTorr (by convectron gauge)

using MGV.
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F. Finish the pre-sputtering, turn on the switch for the target shield
(S1, S2, and S3) in turbo power supply panel. Normally, the

time of pre-sputtering and sputtering is 10 min).
G. After sputtering.
1. Turn off the rf power and then decrease the rf power.
it. Turn off [CH-1], [CH-2], [MGV], and power of MFC.

iii. Open MGV.

6. See the step 1 and 2 for next experiment.
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Appendix M: Procedure for Kelvin probe (KP)

- Make sure the surroundings are quite and lights are blocked before KP

measurement.

1. Turn on the power of KP6500 and computer.
2. Open the KP6500 program.
3. Sampling

Put the sample on the sample holder and connect between the sample

and sample holder using clip.
4. Set the probe characterization.
A. Retract the probe tip away from the sample.

B. Click the [CONFIGURATION] and then [PROBE
CHARACTERIZATION]. Amplitude will be set to 0.

C. [KP500 CONTROL]
i. Probe Controls
Frequency: 260, Amplitude: 20, DC Offset: 0.000
ii. Backing Potential Controls
Upper BP (V): 1.00, Lower BP (V): -1.00, Scan Steps: 1
iii. Data Acquisition Controls

Trigger Delay: 68, A/D points: 1000, A/D Rate: 3332, D/A
Delay: 0

1v. Series Controls

Number: 0, Average over: 1, Interval (s): 0.0
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D. [PROBE CHARACTERIZATION]

i. Start: 50, End: 500, Step: 5

ii. Click the [START]
E. Determinate the value of frequency with low amplitude.

5. KP500 Control

A. Probe Controls

Frequency: 260, Amplitude: 50, DC Offset: 0.000
B. Backing Potential controls

Upper BP (V): 1.00, Lower BP (V): -1.00, Scan Steps: 1
C. Data Acquisition Controls

Trigger Delay: 68, A/D points: 1000, A/D Rate: 3332, D/A Delay:
0

D. Series Controls
Number: 0, Average over: 1, Interval (s): 0.0
E. Click the [GO].

F. Move the probe tip close to the sample. The raw signal will be
changed.

G. Reduce the data points in Raw Signal panel.

1. Click the mouse button twice in Raw Signal panel.
ii. Select the [Raw signal Customization].
iii.  Change the value to 100 in Points-Points to Graph.

iv. Click the [OK]. Ifyou can see the sine wave, tip is getting
close to the sample. When the gradient is 1.0 in the Latest
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Reading panel, click the [STOP].
6. Tracking Mode

Set point gradient: 0.300, Step Size: 0.001, Max Gradient Deviation:
0.001.

7. Click the [BEGIN] and then [GO].

&. Read the valves of CPD and Gradient when the value of Gradient is

closed to that of setting point gradient.
9. After finishing the measurement, click the [STOP] in menu bar.
10. Enter the [0] at DC Offset.
11. Retract the probe tip away from the sample.

12. Close the KP6500 program and turn off the controller and computer.
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Appendix N: Procedure for Alpha Step

Film «— Substrate

Direction of scan N

[
i

|

I

|

WYL U S USSR | S ) B I I

I

d

|

|

r

Position of boundary
for 500 um

of scan length
Z : 13000.0 um

Z0 XY |||LD/UN||ISTART STOP |||LEVEL|||ZOOM ID

1. Push the power button and turn on the monitor.

2. Push the [ESC] key in the keyboard.
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3. Push the [ENTER] key in the keyboard.

4. Set the save mode.

A.

B.

E.

F.

Go to [CONFIG] and select [SETTING] using arrow keys.

Change to enable from disable in the save data in ASCII using

arrow in keyword.
Press the [F2] key.
Go to [CONFIG] and select [DISK PATH].

Choose the [A:] in Export To/Import From.

Press the [F3] key.

5. Set the 'scan condition.

A.

B.

C.

Go to [RECIPE] and select [ VIEW/MODIFY].

Change the scan length and speed. Normally, 500 pm of scan
length and 20 pm/s of scan speed are suitable to measure the film

thickness.

Press the [F4] key in the keyboard.

6. Put the sample on the middle of stage.

7. Press the [Z-0] key in the keyboard.

8. Keep the downwards arrow key pressed before the tip shows the

monitor.

9. Put the tip on the middle of sample using X and Y knobs.

10. Press the downwards arrow until the tip is reflected on the sample.

11. Adjust the position of sample to start the measurement.

12. Press the [START] key in the keyboard. Keep the quiet during scan.
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13.

14.

15.

16.

17.

18.

19.

Level the graph.

A. Press the [LEVEL] key in the keyboard. Two red lines are
appeared.

B. Press the space bar to switch the left and right red lines.

C. Set the left red line at the left of substrate and the right red lines at

the right of substrate using arrows.

D. Press the [LEVEL]. The modified graph will be shown in

monitor.
Set the left blue line at the film and the right blue line at the substrate.
Read the thickness.

Move the stage using X and Y knobs.. The 10 measurements are

normal for one sample.

After finishing the measurement, press the upwards arrow key. For
the measurement of other samples, see the step 18. For stop the

measurement, see the step 19.

For the measurement of other samples, change the sample and follow

the step 7.

For stop the measurement, take off the sample and follow the steps as

below.
A. Go to [EXIT] and select the [SHUTDOWN].
B. Press the [F2] key.

C. Push the power button of computer.
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Appendix O. Procedure for 4-point Probe

1. Mount the sample on the Si wafer of sample holder (1.33 inch blank
flange).

2. Remove the cover (petri dish) of probe.

3. Open the controller (MCP-T600).

4. Turn on the power at the backside of controller.
5. Set the thickness of film.

A. Select MEAS. CONDITION using arrow button in the controller
and then push the [ENT] button in the controller.

B. Check the MEAS. POSI. FILE and then push the [ENT] button.

C. Check the CONSTANT RCF and then push the [ENT] button.

D. Select the THICKNESS using arrow button, enter the thickness of
films using number buttons, and then push the [ENT] button.

E. Push the [ESC] button 3 times.
6. Set the sample for measurement.

A. Move the probe stage to the lowest level using the knob of

microscope.
B. Check the lens is the shortest one (27780).

C. Set up the sample holder on the probe stage. Sample is

downside.

D. Switch the lens of microscope from the shortest one (27780) to
the middle one (19698).
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E. Move the probe stage to the highest level carefully.
7. Measure the electrical properties.

A. Select the MEASUREMENT using arrow button and then push
the [ENT] button.

B. Push [START/HOLDY] button to start the measurement.
C. Push the [START/HOLD)] button to stop the measurement.

D. Record the values having different units (S/cm, Q, Q/sq., and
Q-cm) by pushing the [UNIT] button in the controller.

8. Change the sample.
A. Move the probe stage to the lowest level.

B. Switch the lens of microscope from the middle one (19698) to the
shortest one (27780).

C. Take off the sample holder, change the sample and then set up the

sample holder.
D. Start to the step 6.D.
9. Finish the measurement.
A. Push the [ESC] button.
B. Turn off the power of controller.

C. Close the controller.
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Appendix P: Procedure for Measurement of Contact Angle

1. Check that the magnification of camera lens is 5X (lens: red line,

105323).
2. Mount the camera.

A. Remove the lens of camera.

B. Mount the camera on the eyepiece of the microscope.
3. Mount the sample on the mark of the sample holder.
4. Turn on the backlight.

5. Find the proper position-of sample using camera. = Careful movement

is required.

6. Drop the droplet (2 uL) at the end of surface using micropipet and
take a picture immediately. Distilled water (DW) and ethylene

glycol (EG) are normally used as the test solution.

7. After finishing the measurement, turn off the backlight and take the

camera off the microscope.

8. Analyze the data using [Motic Images Plus 2.0] program.
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Appendix Q: Procedure for Measurement of Viscosity

—> Sensor protective cover

Sample surface | | \

adjustment position ~ { > Surface indicator plate
;J%—) Temperature sensor

> Sensor plate

1. Fill the solution into the sample cup until its surface reaches at the

level gauges.

2. Put the sample cup on the table and then fix the sample cup using two

guides.
3. Pull the sensor protective cover to front direction.
4. Hold the sensor unit until the number 7.
5. Lean back the level at the supporting post.

6. Pinch grips and then move gently the sensor unit. It is enough to
touch the sensor plate with the sample surface. Do not move too

close.
7. Pull the level at the supporting post.

8. Adjust the remained distance using the knob at the lap-jack. The

appropriate level is shown in figure.
9. Push the [ON/OFF] button of viscometer.

10. Push the [START] button to measure the viscosity of the sample.

265

Collection @ pknu



11.

12.

13.

14.

15.

16.

17.

18.

19.

Record the viscosity and temperature in the stable state.
Push the [STOP] button.

Press the [ON/OFF] button.

Down the table using the knob.

Hold the sensor unit, lean back the level, Pinch grips, move the sensor

unit, and pull the level.

Clean the 4 plates using tissue paper. Move the tissue paper

downward to remove the sample.
Put the sensor protective cover back.
For electrospinning, add the solution into the syringe.

Clean the sample cup.
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Appendix R: Procedure for Electrospinning
- Check the ground of the equipment.
- Record the temperature and humidity.

- Do not touch wires when high voltage is on.

1. Make a electrospinning solution (mixture solution of polymer and

inorganic material).

2. Check the viscosity using viscometer. To measure the viscosity, the

volume of solution is at least 10 ml.
3. Setting of drum collector.
A. Wrap drum collector with Al foil.
B. Check the ground is connected.
C. Control the collector real rpm at 100.
i. Push the [MODE] button until SET is'on display.
ii. Set the real RPM is almost 100 by pushing the arrow buttons.
iii. Push the [MODE] button to see the real rpm.
4. Setting of syringe pump.
A. Transfer the solution to syringe.
B. Attach the syringe needle (normally 21 gauge).
1. Cut the needle flat with a scissors.
ii. Smooth the flat surface with a sand paper.

iii. Clean the needle in ethanol for 10 min using the

ultrasonication.
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C. Measure the distance between the end of needle and collector.
D. Connect the HV (+) lead at the end of the needle.
E. Set the conditions.

i. Turn on the power at the backside of controller (The power of

syringe pump controller, KD scientific, is 110 V).
ii. Push the [ENTER] button until Vol. is on display.
iii. Push the [SELECT] button.

iv. Input the value of solution volume and then push the

[SELECT] button.
v. Adjust the pumping speed.
vi. Push the [ENTER] button.
5. Collect the fiber.
A. Turn on the high voltage power supply.

B. Set the high voltage using the knob. The proper feed speed and
high voltages make fiber.

6. Check the fiber using an optical microscope.
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Appendix S: Procedure for Furnace

Evaporation Calcination

Furnace

TEMPERATURE poweR suppLY
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(A) (B) (C) (D)

1. Put the sample in the crucible.

2. Open the screw anticlockwise.

3. Open the lid of the furnace.

4. Move the sample to the center of sensor using a bar.
5. Close the lid and screw.

6. Turn on the chiller. The power button is located at the back side of

chiller. Do not touch the power button of front side. It is always on.

7. Set the vent lines. There are two modes, one is evaporation of
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solvent and the other is calcination at high temperature. The setting

of vent lines is shown in following figure and refer to the figure.
8. Turn on the power in the region (A) of controller.

9. Check the mode J, heating time, and unit in the region (C).

Commonly the heating time is 5 hrs.
10. Set the temperature.

A. Enter the number using arrow buttons in the region (D). The
setting temperature is bottom number. The upper number
indicates the real temperature. At the first time, the setting
temperature should be lower than the wanted temperature.
Repeat the A and B steps in the number 10 with increasing the
setting temperature.  When the setting temperature is reached to

the wanted temperature, go to the number 11.

B. Push the enter button in the region (D). Heating of sample is

started and the real temperature will be increased.

11. Turn on the button (B). The timer is operated and the progress is

appeared in region (C).
12. When the time is over, the tick sound is occurred.
13. Wait the temperature is down.
14. Open the screw anticlockwise and then open the lid.
15. Take out the sample.
16. Clean the tube using brush (stainless steel) and paper towel.
17. Close the lid and screw.

18. Turn off the power of controller and chiller.
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Appendix T: XPS Line Positions Obtained from Mg Ka X-rays

Collection @ pknu

Photoelectron Lines Auger Lines
z 1s =~ 28 2p12 2p3p - 3s -3pie - 3pse 3dsz 3dsp 4s  4pip 4pae }T_IT flz_; KZI;ZSL
1 H
2 He
3 Li| 56 y
4 Be| 113
5 B | 191 11082
6 C | 287 - 993
7 | N | 402 _ 875
8 O |531| 23 779 | 764 | 743
9 F | 686 30 645 - 626 - 599
10 Ne | 863 41 14 491 /468 435
11 ' Na|1072: 64 31 332 : 303 : 264
12 Mg 90 51
13 Al 119 74
14 | Si 153 1 103 : 102
15| P 191 | 134 | 133 14
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................................................................. Photoelectron Lines . Auger Lines ]

7 L3M2s | LaM2s | LsM23 | L3sM23 | L2M23 | LsMas | L2Mas

1s | 2s |2p12|2psz| 3s | 3p1z ! 3paz | 3daz | 3dsz| 4s | 4pa | 4pap | M23® | M23® | Mas | Mas | Mas | Mas? | Mas

| | | | | | | | | | | | | P [ | P | |
16 S 229 | 166 | 165 | 17 1103
17 CI 270 : 201 : 199 ! 17 _ 1071
18 | Ar 319 1 243 1 241 | 22 11037 1035
19 K 378 | 296 | 293 | 33 17 | 3 [ 1005|1003
20 Ca 439 : 350 : 347 : 44 25 | 964 961
21 | Sc 501 | 407 : 402 : 53 53 920 892
22 Ti 565 464 | 458 | 62 37 873 839
23V 630 523 : 515 : 69 40 - 822 784
24  Cr 698 : 586 : 577 ¢ 77 : 46 i 45 767 729
25 Mn 770 1652 : 641 : 83 : 49 : 48 715 670 620
26 | Fe 847 | 723 | 710 | 93 56 55 659 608 553
27  Co 927 796 : 781 - 103 : 63 61 604 : 597 546 @ 541 483 @ 468
28 Ni 1009 873 855 - 112 - 69 - 67 - 548 : 542 | 482 : 476 410 : 393
29 Cu 1098 954 934 124 79 77 - 1486 479 416 408 396 337 317
30 Zn 1196 1045:1022: 140 = 92 89 10 - 429 : 422 : 352 1 343 329 1 265 : 242
31 Ga 114411117 | 160 | 108 | 105 | 20 . | 368 | 361 | 284 | 275 | 257 | 189 | 162
32 Ge 184 128 124 3231 A 1305 297 215 205 184 113 82
33 As 207 - 148 143 . 45 - 44
34  Se 232 | 169 | 163 | 58 57
35 Br 256 : 189 : 182 - 70 69
3 K| ||| 1287 | 216 | 208 | 89 | 88 | 22 | | ]
37 Rb 1322 247 238 111 110 29 14
272



Collection @ pknu

................................................................. Photoelectron Lines . Auger Lines ]

7 L3M2s | LaM2s | LsM23 | L3sM23 | L2M23 | LsMas | L2Mas

1s | 25 |2p12!2paz| 3s |3puz ! 3paz | 3daz | 3dsz | 4s | 4pip | 4psp | M2s©) | Mas® |\1/|45 |\3/|45 |\1/|45 Mas? | Mas

PP | P

38 Sr 358 : 280 : 269 : 135 : 133 - 37 20
39 Y 395 : 313 - 301 - 160 : 158 - 45 25
40  Zr 431 | 345 | 331 | 183 | 181 | 51 | 29

3s  3piz2 3paz 3diz 3dse 4s 4Apig 4ps  4dsp  4dsp 4fs)p 4fz 5s  5piz  5pan [\IJ\QS/ 5“,/1]54215 5')\,/1]44':;)
41 |Nb| 470 379 364 : 209 = 206 @ 59 35 : _ 1088 1056
42 Mo| 508 413 396 233 230 65 38 1068 1033
43 Tc | 544 - 445 425 : 257 : 253 ° 68 39 1047 1008
44 Ru| 587 | 485 | 463 | 286 | 282 | 77 45¢) 1025 981
45  Rh| 629 : 522 - 498 : 314 : 309 : 83 49¢) 1002 954
46 Pd| 673 | 561 | 534 | 342 | 337 | 88 54e) 979 928
47 'Ag| 718 : 604 : 573 : 374 : 368 : 97 58¢) 903 : 897
48 C | 772 652 618 - 412 - 405 : 109 68°) 11 889 : 872
49 In | 828 | 704 | 666 | 453 | 445 | 123 794 19 | 853 | 846
50 Sn| 884 757 715 - 494 - 486 : 137 91e) : 26 25 A 827 : 819
51 Sb| 946 : 814 : 768 : 539 : 530 : 155 108835 34 A 803 : 794
52 Te |1009: 873 - 822 : 585 : 575 - 171 1148 44 - 43" 14 775 - 765
53 1 |1071: 930 : 874 : 630 : 619 : 186 123¢): 52 50 16 748 | 737
54 Xe |1144 | 997 | 936 | 685 | 672 | 209 141°)| 65 63 19 724 | 711
55 Cs 1064 - 997 : 738 : 724 - 230 : 170 : 158 : 77 75 24 698 - 684
56 Ba 1137 1062: 795 : 780 : 254 : 192 : 179 : 92 90 23 671 @ 657
57 La 1126 851 834 274 210 195 104 | 101 34 17 632
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................................................................. Photoelectron Lines Auger Lines
z 3s | 3p12 | 3p3z | 3dsz | 3ds2 | 4s | 4piz | 4paz | 4dsp | 4dsp | 4fsp | 4f72 | Ss | Spaz | Spaie Mas | MsNa | MaNa
N23V | 5N45 | 5Nass

58 Ce 1184 | 900 | 882 | 290 | 222 | 207 | 112 | 108 37 18 594
59 Pr 950 : 930 - 305 : 237 : 218 11459 38 20 555
60 Nd 1001: 980 : 318 : 248 - 227 120 38 23 519

3ds2 3dsz2 . 4s - 4pip  4pap  4dsp  4dsp  4fso - 4f72 0 Bs  Spaz  Spae ,\I}ggf/ '\:,324 I\:I:‘IT: I\f:f/N MsVV: MaVV
61 Pm|1060:1034: 337 : 264 : 242 129 38 22 481
62 |Sm| 1110 :11083: 349 : 283 : 250 132 41 20 440
63 Eu 1166 1136 366 289 261 =~ 136 RN s02
64 Gd 1186 : 380 : 301 : 270 141 r 36 21 362
65 Tb 398 | 317 | 284 150 /| 42 28
66 Dy 412 329 293 154 63 26
67 Ho 431 | 345 | 306 161 | 51 20
68 Er 451 : 362 : 320 169 B 61 25
69 Tm 470 - 378 : 333 : 180 b 54 32 - 26
70 ' Yb 483 | 392 | 342 | 194 | 185 | 55 | 33 26
71 | Lu 507 412 359 207 197 58 34 27
72 | Hf 537 437 382 : 224 - 213 - 19 - 17 64 ¥ 499
73 Ta 566 - 464 403 241 229 27 29 M1 45 37
74 W 594 - 491 - 425 - 257 1 245 : 36 34 77 47 - 37
75 Re 628 | 521 | 449 | 277 | 263 | 45 43 81 44 I 33
76 Os 657 549 475 294 279 55 52 86 60 48
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Photoelectron Lines | AugerlLines |
z 4s | 4p1 | dpaz | 4dsp | 4dsp | Afsp | Afre | Bs | Bpa2 | Spaz | Sfse | 5f7e | 6s | Bpi2 | Bpse ':(7)?: ':g?: C')\g/
77 Ir | 692 | 579 | 497 | 313 | 297 | 65 62 98 65 53 |
78 Pt | 726 : 610 521 : 333 : 316 | 76 73 105 | 69 54 _ 1192
79 Au| 763 - 643 547 354 - 336 @ 89 85 110 - 75 57 1184
80 Hg| 803 | 681 | 577 | 379 | 359 [ 104 | 100 | 127 | 84 65 1176 | 1173
81 Tl |845 :721 608 : 406 : 385 : 122 : 118 - 137 : 100 | 76 15 13 | 1169
82 Pb| 893 762 645 435 413 143 138 148 107 @ 84 22 19 1162 1159
83 Bi| 942 - 807 - 681 : 467 : 443 @ 164 - 159 - 161 : 120 : 94 29 26 1155 1151
90 | Th 1168 1 968 - 714 : 677 : 344 : 335 : 290 : 226 : 179 : 94 87 43 26 18 | 1100 1005
92 U 1046 781 739 391 380 325 262 197 104 96 46 29 19 1064 970
93 Np 1086 - 816 : 771 - 414 - 402 206 101 29 18
94 | Pu 1121 850 | 802 | 439 | 427 216 105 31 | 18
95 Am 883 832 1 463 449 351 216 - 119 - 109 31 18
96 Cm 919 865 487 473 232 113 32 18
97 Bk 959 : 901 ': 514 | 498 246 120 34 18
98 Cf 994 | 933 541 523 124 35 19

% Lines as bold are the most intense and are the most suitable for use of line energies in identifying chemical states.

® Includes KVV designation when L23 is not a core level.

© Designation is oversimplified

9 Includes LVV when M levels are not in core and MVV when N levels are not in core

® No simple 4p1/2 line exists for this group of elements.

D The 4d doublet for these elements is complex and is variable with chemical state because of multiplet splitting and multielectron
processes.
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Appendix U: XPS Line Positions Obtained from Al Ka X-rays

Photoelectron Lines Auger Lines
z 1s 1 25 1 2p12:2p3pi 3s 3p123pszi3daz i 3ds2 ! 4s :4piz: 4pse KLIT Elz'; KzL;SL
1 H
2 He
3 | Li| 56 i _
4 Be| 113 1315
5 B | 191 1226
6 C | 287 _ 1108
7 N | 402 1012: 997 = 976
8 O |531 23 878 - 859 : 832
9 F | 686 @ 30 724 : 701 : 668
10 Ne | 863 41 14 565 : 536 = 497
11 Na|1072| 64 31 384 | 350 | 305
12 ‘Mg |1305. 90 51 1009
13 | Al 119 74
14 Si 163 103 102 _ & _
15 P 191 134 133 14

Collection @ pknu
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................................................................. Photoelectron Lines . Auger Lines ]
7 L3M2s | LaM2s | LsM23 | L3sM23 | L2M23 | LsMas | L2Mas
1s | 2s | 2p12|2psz| 3s | 3p1z ! 3psz | 3daz | 3dsz| 4s | 4pz | 4pap | M2s® | M2 | Mas | Mas | Mas | Mas? | Mas
| | | | | | | | | | | | | P [ | P | |
16 S 229 | 166 | 165 | 17 1336
17 CI 270 : 201 : 199 ! 17 _ 1304
18 | Ar 319 1 243 1 241 | 22 (1270 1268
19 K 378 | 296 | 293 | 33 17 | 3 11238 | 1236
20 Ca 439 : 350 : 347 : 44 25 1197 1194
21| Sc 501 | 407 : 402 : 53 53 1153 1125
22 Ti 565 464 | 458 | 62 37 1106 1072
23V 630 523 : 515 : 69 40 - 1055 1017
24  Cr 698 : 586 : 577 ¢ 77 : 46 i 45 1000 962
25 Mn 770 : 652 - 641 : 83 - 49 : 48 948 903 853
26 Fe 847 | 723 | 710 | 93 56 55 892 841 786
27  Co 927 796 : 781 - 103 : 63 61 837 1830 779 774 716 | 701
28 Ni 1009 873 855 - 112 - 69 - 67 - 781 : 775 1 715 : 709 643 | 626
29 Cu 1098 954 934 124 79 77 - 1 719 712 649 641 629 570 550
30 Zn 1196 1045:1022: 140 = 92 89 10 - 662 - 655 - 585 | 576 - 562 - 498 - 475
31 | Ga 1299|1144 |1117 | 160 | 108 | 105 | 20 - | 601 | 594 | 817 | 508 | 490 | 422 | 395
32 Ge 1250 1219 184 128 124 32 31 = A | 538 530 448 438 417 346 315
33 As 1326 207 148 143 - 45 - 44 376 1 365 341 266 @232
34  Se 232 | 169 | 163 | 58 57 300 | 288 | 259 | 184 | 143
35 Br 256 : 189 : 182 - 70 69
3 K| ||| 1287 | 216 | 208 | 89 | 88 | 22 | | ]
37 Rb 1322 247 238 111 110 29 14
277



................................................................. Photoelectron Lines . Auger Lines

7 L3M2s | LaM2s | LsM23 | L3sM23 | L2M23 | LsMas | L2Mas

1s | 25 | 2pi2|2p32| 3s | 3p1z2 | 3psz2 | 3ds2 | 3dsz2| 4s | 4pe | 4pse | M2z | M2z | Mas | Mas | Mas | Mas | Mas

| | | | | | | | | | | | | P [ | P | |

38 Sr 358 1280 | 269 | 135 | 133 | 37 20 |
39 Y 395 313 301 160 158 45 25
40 | Zr 431 345 331 183 181 51 29

3s  3p1uz2 3pae 3dsz: 3ds2 - 4s - 4piz 4pse 4dzz 4dsp 4Afsp 4fz2. 5s Span Spae I\II\Q:S/ I\:,fllj: I\S/I,fll:l:
41  Nb| 470 : 379 : 364 : 209 : 206 : 59 35 1321 1289
42 Mo| 508 | 413 | 396 | 233 | 230 | 65 | 38 | | 1301 1266
43 Tc | 544 : 445 : 425 : 257 : 253 : 68 39 1280 1241
44 Ru| 587 : 485 : 463 : 286 : 282 : 77 45¢) 1258 1214
45 Rh| 629 | 522 | 498 | 314 | 309 | 83 49¢) 1235 1187
46 Pd| 673 : 561 - 534 : 342 : 337 : 88 54¢e) ] 1212 1161
47 |[Ag| 718 | 604 | 573 | 374 | 368 | 97 58e) 1136 | 1130
48 C | 772 652 618 412 405 109 68°) 11 1112 1105
49 In | 828 704 666 453 445 123 799 19 10861079
50 Sn| 884 | 757 | 715 | 494 | 486 | 137 919 | 26 25 h 1060 (1052
51 Sb| 946 : 814 - 768 : 539 : 530 : 155 105%): 35 34 Y 1036 : 1027
52 Te |1009: 873 - 822 : 585 : 575 171 114°). 44 - 43 14 1008 998
53 1 |1071: 930 : 874 : 630 : 619 : 186 123¢): 52 50 16 981 : 970
54 Xe|1144: 997 : 936 : 685 : 672 : 209 1419): 65 63 19 957 | 944
55 Cs|1216|1064 | 997 | 738 | 724 | 230 | 170 | 158 | 77 75 24 _ 931 | 917
56 Ba |1292:1137 :1062: 795 : 780 : 254 : 192 : 179 : 92 90 23 904 890
57 | La 1207 1 1126 | 851 | 834 | 274 | 210 | 195 | 104 | 101 34 17 865
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................................................................. Photoelectron Lines Auger Lines
z 3s | 3p12 | 3p3z | 3dsz | 3ds2 | 4s | 4piz | 4paz | 4dsp | 4dsp | 4fsp | 4f72 | Ss | Spaz | Spaie Mas | MsNa | MaNa
N23V | 5N45 | 5Nass
58 Ce 1271|1184 | 900 | 882 | 290 | 222 | 207 | 112 | 108 37 18 827
59 Pr 1337 :1242: 950 : 930 : 305 : 237 - 218 11459 38 20 788
60 Nd 1299:1001: 980 : 318 : 248 : 227 120 38 23 752
3ds2 3dsz2 . 4s - 4pip  4pap  4dsp  4dsp  4fso - 4f72 0 Bs  Spaz  Spae ,\I}ggf/ '\:,324 I\:,:‘IT: I\fgf/N MsVV: MaVV
61 Pm|1060:1034: 337 : 264 : 242 129 38 22 714
62 |Sm| 1110 :11083: 349 : 283 : 250 132 41 20 673
63 Eu|1166 1136 366 289 261 ~ 136 . 134 24 635
64 Gd|1219 1186 380 : 301 - 270 141 r 36 21 595
65  Tb |1279(1244| 398 | 317 | 284 150 /| 42 28 568 426 | 265 | 235
66 Dy |1334:1295: 412 : 329 : 293 154 | = 63 26 527 375 1 195 : 155
67 Ho 431 | 345 | 306 161 | 51 20 490 325 | 142 | 100
68 Er 451 : 362 : 320 169 B 61 25 454 273 : 99 56
69 Tm 470 - 378 : 333 : 180 b 54 32 - 26
70 ' Yb 483 | 392 | 342 | 194 | 185 | 55 | 33 26
71 Lu 507 : 412 - 359 : 207 - 197 58 34 27
72 | Hf 537 437 382 224 213 19. 17 64 .37 .30
73 Tl 566 464 403 241 229 27 25 71 45 37
74 W 594 - 491 - 425 - 257 1 245 : 36 34 77 47 - 37
75 Re 628 | 521 | 449 | 277 | 263 | 45 43 81 44 I 33
76 Os 657 549 475 294 279 55 52 86 60 48
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Photoelectron Lines | AugerlLines |
z 4s | 4p1 | dpaz | 4dsp | 4dsp | Afsp | Afre | Bs | Bpa2 | Spaz | Sfse | 5f7e | 6s | Bpi2 | Bpse ':(7)?: ':g?: C')\g/
77 Ir | 692 | 579 | 497 | 313 | 297 | 65 62 98 65 53 |
78 Pt | 726 : 610 521 : 333 : 316 | 76 73 105 | 69 54 _ 1425
79 Au| 763 - 643 547 354 - 336 @ 89 85 110 - 75 57 1417
80 Hg| 803 | 681 | 577 | 379 | 359 [ 104 | 100 | 127 | 84 65 1409 | 1406
81 Tl |845 :721 608 : 406 : 385 : 122 : 118 - 137 : 100 | 76 15 13 | 1402
82 Pb| 893 762 645 435 413 143 138 148 107 @ 84 22 19 1395 1392
83 Bi| 942 - 807 - 681 : 467 : 443 @ 164 - 159 - 161 : 120 : 94 29 26 1388 1384
90 | Th [1330:1168: 968 : 714 : 677 : 344 - 335 : 290 : 226 : 179 | 94 87 43 26 18 | 1333 1238
92 U 1274 1046 781 739 391 380 325 262 197 104 96 46 29 19 1297 1203
93 Np 1327 1086 : 816 : 771 . 414 - 402 206 101 29 18
94 | Pu 1121 850 | 802 | 439 | 427 216 105 31 | 18
95 Am 883 832 1 463 449 351 216 - 119 - 109 31 18
96 Cm 919 865 487 473 232 113 32 18
97 Bk 959 : 901 ': 514 | 498 246 120 34 18
98 Cf 994 | 933 541 523 124 35 19

% Lines as bold are the most intense and are the most suitable for use of line energies in identifying chemical states.

® Includes KVV designation when L23 is not a core level.

© Designation is oversimplified

9 Includes LVV when M levels are not in core and MVV when N levels are not in core

® No simple 4p1/2 line exists for this group of elements.

D The 4d doublet for these elements is complex and is variable with chemical state because of multiplet splitting and multielectron
processes.

® Often observable, induced by Bremsstrahlung.
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Appendix V: Atomic Sensitivity Factors for XPS

Collection @ pknu

Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode = Ag anode
1 H
2 He
3 Li 1s 0.020 0.06 0.06
4 Be 1s 0.059 0.20 0.19
5 B 1s 0.130 0.49 0.19
6 c 1s 0.250 1.00 1.00
2p - 0.00 0.05
7 N 1s 0.420 1.77 1.80
2p - 0.01 0.01
1s 0.660 2.85 2.93
8 0] 2s 0.025 0.14 0.14
2p - 0.02 0.02
1s 1.000 4.26 4.43
9 F 2s 0.040 0.20 0.21
2p - 0.05 0.10
10 Ne 1s 1.500 5.95 6.30
2s 0.070 0.28 0.30
1s 2.300 7.99 8.52
11 Na 2s 0.130 0.39 0.42
2p - 0.21 0.19
2s 0.200 0.52 0.57
12 Mg 2p 0.120 0.36 0.11
1s 3.500 11.18 11.18
13 Al 2s 0.230 0.68 0.75
2p 0.185 0.57 0.22
2s 0.260 0.86 0.96
. 2p 0.270 0.86 0.82
14 Si 3s i 0.07 0.08
3p - 0.01 0.01
15 p 2s 0.290 1.05 1.18
2p 0.390 1.25 1.19
16 S 2s 0.330 1.25 1.43
2p 0.540 2.14 1.68
17 Cl 2s 0.370 1.48 1.69
2p 0.730 2.36 0.78
2s 0.400 1.71 1.97
18 Ar 2p 0.960 313 3.04
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Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
2s 0.430 1.95 2.27
2pir 0.410 1.37 1.35
2psr 0.830 2.67 2.62
19 K 2p 1.240 - -
3s - 0.25 0.29
3p - 0.36 0.36
2s 0.470 2.21 2.59
2pir 0.530 1.74 1.72
2p3p2 1.050 3.39 3.35
20 Ca 2p 1.580 ; ;
3s - 0.31 0.35
3p - 0.50 0.51
2s 0.500 2.46 2.91
2pie 0.550 2.18 217
2p3i2 1.100 4.24 4.21
21 & 20 1,650 : i
3s - 0.36 0.41
3p ! 0.64 0.65
2s 0.540 2.72 3.24
2p1/2 0.600 2.68 2.69
{ 2pas2 1.200 5.22 5.22
22 ¢ 2p 1.800 : -
3s - 0.41 0.47
3p 0.210 0.79 0.81
2s - 2.98 3.57
2p12 0.650 3.26 3.29
2psr 1.300 6.33 6.37
23 v 2p i 0.46 0.54
3s 0.950 - -
3p 0.210 0.96 1.00
2s - 3.23 3.91
2pir 0.800 3.92 3.98
2p3p2 1.500 7.60 7.69
24 Cr 20 2.300 ; ;
3s - 0.51 0.60
3p 0.210 1.12 1.17
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Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
2s - 3.48 4.23
2p1/2 0.900 4.63 4.74
2p3/2 1.700 8.99 9.17
25 Mn 2p 2.600 i ;
3s - 0.57 0.67
3p 0.220 1.35 1.42
2s - 3.70 4.57
2p12 1.000 543 5.60
2p3/2 2.000 10.54 10.82
26 Fe 2p 3.000 _ ;
3s - 0.63 0.74
3p 0.260 1.58 1.31
2s - 3.92 4.88
2p1/2 1.300 6.28 6.54
2pan2 2.500 12.20 12.62
27 g 2p 3.800 : §
3s - 0.69 0.82
3p 0.350 1.81 1.93
2s - 416 5.16
2p1/2 1.500 7.18 7.57
s 2p3/2 3.000 13.92 14.61
28 s 2p 4.500 L ;
3s - 0.75 0.82
3p 0.500 2.06 2.22
2s - 4.38 5.46
2pip 2.100 8.18 8.66
2p3/2 4.200 15.87 16.73
29 Cu 2p 6.300 i :
3s - 0.81 0.96
3p 0.650 2.28 0.85
2s - 455 5.76
2p12 - 9.29 9.80
2p3/2 4.800 18.01 18.92
30 Zn 3s - 0.87 1.04
3p 0.750 258 2.83
3d - 0.90 0.81
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Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
2pir - 10.56 11.09
2pss2 5.400 20.47 21.40
3s - 0.94 1.13
31 Ga 3p1/2 - 0.99 1.10
3p3r2 - 1.92 2.11
3p 0.840 - -
3d 0.310 1.19 1.09
2pir - 10.95 12.52
2panr 6.100 21.22 2415
3s - 1.02 1.23
32 Ge 3p1/2 - 1.11 1.24
3par2 - 2.15 2.39
3p 0.920 . -
3d 0.380 1.55 1.42
2pi2 . 14.07 14.07
2p32 6.800 27.19 27.19
3s - 1.10 1.32
33 an 3pe | 0970 1.24 1.39
3pas2 - 2.40 2.68
3d 0.530 1.97 1.82
3s - 1.18 1.43
3p1r2 - 1.37 1.55
34 Se 3p3r2 - 2.65 2.98
3p 1.050 ) -
3d 0.670 2.46 2.29
3s - 1.26 1.53
3p12 - 1.50 1.72
35 Br 3p3r2 - 2.92 3.31
3p 0.140 - -
3d 0.830 3.04 2.84
3s - 1.35 1.64
3p1/2 0.390 1.64 1.89
3par 0.820 3.20 3.65
36 Kr 3p 1.230 ; ;
3d - 3.69 3.48
4s - 0.18 0.21
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Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
3s - 1.43 1.75
3p1/2 0.430 1.79 2.07
3p3r2 0.870 3.48 4.00
37 Rb 3p 1.300 - -
3d 1.230 4.20 4.21
4s - 0.21 0.25
4p1/2 - 0.50 0.21
3s - 1.52 1.85
3p1/2 0.460 1.93 2.25
3p3r2 0.920 3.78 4.37
38 Sr 3p 1.380 - -
3d 1.480 5.29 5.05
4s - 0.24 0.29
4p - 0.68 0.78
3s - 1.61 1.98
3p12 0.590 2.08 2.44
3p3s2 0.980 4.09 4.75
3p 1.470 - -
3dsp2 - 2.54 2.44
39 I 3ds/2 - 3.70 3.54
3d 1.760 - -
4s - 0.27 0.33
4p - 0.79 0.91
4d - 0.03 0.03
3s - 1.70 2.10
3p1r2 0.530 2.24 2.64
3p3r2 1.040 4.40 5.14
3p 1.560 - -
40 Zr 3dss2 2.100 2.97 2.87
3dsr2 - 443 4.17
4s - 0.31 0.37
4p - 0.90 1.05
4d - 0.09 0.08
3s - 1.79 2.22
3p1/2 - 2..39 2.84
3p3r2 1.100 4.71 5.53
3d3r2 0.960 3.45 3.35
41 Nb 3dsr2 1.440 5.01 4.86
3d 2.400 - -
4s - 0.33 0.40
4p - 1.00 1.16
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Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
3s - 1.89 2.34
3p1/2 - 2.54 3.04
3ps/2 1.170 5.03 5.94
3d3r 1.090 3.97 3.88
42 Mo 3dsr 1.660 5.77 5.62
3d 2.750 - -
4s - 0.36 0.44
4p ; 1.12 1.31
3s - 1.98 2.45
3p112 - 2.69 3.23
3pan 1.240 5.36 6.36
43 Te 3dss2 1.260 4.54 4.46
3ds2 1.890 6.60 6.47
3d 3.150 - -
4s - 0.40 0.48
4p : 1.24 1.45
3s - 2.07 2.57
3p12 - 2.84 3.44
3p3/2 1.300 5.68 6.78
44 Ru 3dsp 1.450 5.17 5.10
3ds2 2.150 7.51 7.39
3d 3.600 - -
4s - 0.43 0.52
4p - 1.36 1.59
3s - 2.15 2.70
3p1r2 - 2.98 3.64
3p3r2 1.380 6.00 7.21
3d3r 1.700 8.48 8.39
45 Rh 3dsp2 2.400 - -
3d 4.100 0.46 0.56
4s - 1.48 1.75
4p -
3s - 2.24 2.81
3p12 - 3.12 3.83
3pan 1.430 6.33 7.63
3dsp2 1.900 6.58 6.56
46 Pd 3dsp 2.700 9.54 9.48
3d 4.600 - -
4s - 0.49 0.60
4p - 1.60 1.88
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5 Sensitivity
4 Element Line Wagner Scofield Scofield
Mg anode | Ag anode
3s - 2.33 2.93
3p1/2 - 3.25 4.03
3ps/2 1.520 6.64 8.06
3d3r 2.100 7.36 7.38
3dsp2 3.100 10.68 10.66
4t Ag 3d 5.200 - -
4s - 0.53 0.64
4p1/2 - 0.59 0.70
4p3r2 - 1.15 1.36
4d - 1.50 1.55
3s - 2.40 3.04
3p1s2 - 3.39 422
3psi2 1.600 6.96 8.50
3d3r - 8.22 8.27
48 Gd 3dsp 3.500 11.91 11.95
4s - 0.57 0.69
4p - 1.90 2.25
4d - 1.82 1.89
3s - 2.48 3.16
3p1/2 - 3.51 4.40
3p32 1.680 7.27 8.93
49 9 3d3p - 9.13 9.22
3ds/2 3.900 13.23 13.32
4s - 0.61 0.74
4p " 2.06 2.45
4d - 2.18 2.27
3s - 2.54 3.26
3p1/2 - 3.62 4.58
3ps/2 1.770 7.58 9.35
3d3r - 10.09 10.25
50 Sn 3dsp2 4.300 14.63 14.80
4s - 0.65 0.79
4p - 2.22 2.67
4d - 2.56 2.70
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Sensitivity
4 Element Line Wagner Scofield Scofield
Mg anode | Ag anode
3s - 2.60 3.36
3p1/2 - 3.71 4.76
3ps/2 - 7.86 9.77
3d3r - 11.13 11.35
51 Sb 3dsp2 4.800 16.13 16.39
4s - 0.70 0.85
4p - 2.40 2.88
4d 1.000 2.98 3.14
3s - 2.67 3.46
3p112 - 3.79 492
3p3i2 - 814 = 10.21
3ds2 - 1221 1252
52 Te 3dsp 5.400 17.70 18.06
4s - 0.74 0.90
4p . 2.59 3.11
4d 1.230 3.41 3.59
3s - 2.75 3.53
3p12 - 3.87 5.06
3p3/2 - 8.37 10.62
53 | 3dsp - 13.33 13.77
3ds2 6.000 19.33 19.87
4s - 0.79 | 0.96
4p - 2.77 3.34
4d 1.440 : 3.87 413
3s - 2.83 3.62
3p1r2 - 3.95 5.20
3p3r2 - 8.64 10.99
3d3r - 14.55 15.10
54 Xe 3dsp2 6.600 21.08 21.79
4s - 0.83 1.02
4p - 2.96 3.58
4d 1.720 4.35 4.68
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Sensitivity
4 Element Line Wagner Scofield Scofield
Mg anode | Ag anode
3s - 2.84 3.73
3p1/2 - 4.04 5.29
3ps/2 - 8.97 11.38
3ds/2 - 15.80 16.46
3ds/2 7.200 22.93 23.76
55 Cs 4s - 0.88 1.08
4p1/2 - 1.03 1.27
4p3i2 - 2.12 2.56
4dsp2 - 1.99 2.15
4dsp2 - 2.88 3.10
4d 2.000 - -
3p1s2 - 4.10 5.42
3p3i2 - 9.26 11.71
3ds2 - 17.04 17.92
56 Ba 3ds/2 7.800 24.75 25.84
4s - 0.92 1.13
4p1/2 - 1.09 1.34
4p32 - 2.26 2.73
4d 2.350 2.21 5.86
3p1/2 - 4.06 5.55
3p32 - 9.52 12.11
3ds2 - 18.25 19.50
3ds/2 - 26.49 28.12
57 La 3d 10.000 - -
4s - 0.97 1.19
4p1r2 - 1.15 1.42
4p3i2 - 2.40 2.91
4d 2.000 5.97 6.52
3ps/2 - 9.67 12.53
3ds/2 - 19.67 21.12
3ds/2 - 28.57 30.50
3d 10.000 - -
58 Ce 4s - 1.00 1.24
4p12 - 1.18 1.47
4p3p2 - 2.49 3.03
4d 2.000 6.32 6.93
3d 9.000 - -
59 Pr 4d 2.000 i i
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5 Sensitivity
4 Element Line Wagner Scofield Scofield
Mg anode | Ag anode
3dsp2 - 22.66 24.27
3dsp2 - 32.96 35.29
3d 7.000 - -
4s - 1.07 1.33
60 Nd 4p1s2 - 1.27 1.59
4p3zs2 - 2.71 3.31
4d 2.000 7.24 8.03
5s - 0.20 0.25
5p - 0.58 0.71
3d 9.000 - -
61 Pm 4d 2.000 i :
3d3r2 5.000 26.12 27.96
3ds2 - 37.90 40.37
4s - 1.14 1.42
62 SA 4pir 2.000 1.34 1.70
4p3p2 - 2.91 3.59
4d - 8.15 9.16
3dsp2 - 28.20 29.91
3dsp2 - 40.87 43.24
3d 5.000 - -
4s - 1.17 1.46
63 Eu 4p1s2 - 1.37 1.75
4p32 - 3.01 3.72
4d 2.000 8.60 10.73
5s - 0.22 0.27
5p - 0.63 0.77
3dsp - 24 .35 31.98
3ds2 3.000 43.43 46.23
4s - 1.20 1.51
4p1s2 - 1.41 1.80
64 Gd 4p3i2 - 3.13 3.88
4d 2.000 9.14 10.40
5s - 0.23 0.29
5p - 0.69 0.85
3ds2 3.000 20.80 49.42
4s - 1.22 1.54
4p12 - 1.43 1.84
65 Tb 4p3r2 - 3.21 3.99
4d 2.000 9.49 8.45
5s - 0.23 0.28
5p - 0.65 0.80
290




5 Sensitivity
4 Element Line Wagner Scofield Scofield
Mg anode | Ag anode
4d 2.000 - -
66 Dy 4psr 0.600 ; :
4d 2.000 - -
67 Ho 4pao 0.600 : -
4s - 1.29 1.64
4p12 - 1.49 1.95
4p3p2 0.600 3.48 4.37
68 Er 4d 2.000 10.70 12.56
5s - 0.24 0.30
5p - 0.68 0.89
4s - 1.31 1.67
4p1/2 - 1.50 1.98
4p3i2 0.600 3.56 4.48
69 Tm 4d 2.000 11.18 9.86
5s - 0.24 0.30
5p : 0.69 0.86
4f - 4.98 4.64
4s - 1.32 1.70
4p1/2 - 1.51 2.00
4p3/2 0.600 3.64 4.60
4d32 2.000 4.72 5.61
70 QG 4dsp : 6.85 8.07
5s - 0.25 0.31
5p - 0.70 0.88
4f - 5.96 5.58
4s - 1.34 1.73
4p1s2 - 1.52 2.03
4p32 0.600 3.73 4.74
4dzp2 - 4.91 5.87
71 Lu 4dsp2 - 7.13 8.45
4d 2.000 - -
5s - 0.26 0.33
5p - 0.76 0.95
4f - 6.92 6.50
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5 Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
4s - 1.66 1.76
4p1/2 - 1.53 2.06
4p3i2 - 3.83 4.88
4d32 0.930 5.10 6.13
4dsp2 1.420 7.42 8.84
72 Hi 4d 2.350 - -
5s - 0.28 0.34
5p1r2 - 0.25 0.32
ops/2 - 0.56 0.70
4f 2.050 8.00 7.52
4s - 1.38 1.79
4p1/2 - 1.54 2.08
4p3i2 - 3.93 5.02
4d32 1.000 5.29 6.40
4dsp2 1.500 7.71 9.24
3 12 4d 2500 : i
5s - 0.29 0.36
Sp12 - 0.27 0.35
Spas2 - 0.61 0.75
Af 2.400 9.00 8.62
4s - 1.39 1.81
4p1s2 - 1.55 2.10
4p32 - 4.03 5.16
4dsp2 1.030 5.48 6.68
74 w 4dsp2 1.570 8.01 9.65
4d 2.600 - -
4fs/2 - 4.52 4.32
4f7p2 - 5.75 5.48
4f 2.750 - -
4s - 1.41 1.84
4p1s2 - 1.55 2.12
4p3i2 - 413 5.30
75 Re 4dsp 1.090 5.67 6.95
4dsp2 1.660 8.31 10.06
4d 2.750 - -
4fs/2 3.100 5.08 4.88
4f7/2 - 6.46 6.20
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5 Sensitivity
4 Element Line Wagner Scofield Scofield
Mg anode | Ag anode
4s - 1.42 1.86
4p1/2 - 1.55 2.13
4p3i2 - 4.24 5.45
4d32 0.850 5.86 7.23
4dsp2 1.750 8.60 10.48
76 Os 4d 2.900 - -
5s - 0.34 0.42
4fs/2 - 5.67 5.48
4f72 - 7.22 6.96
4f 3.500 - -
4s - 1.43 1.88
4p1/2 - 1.55 2.14
4p3i2 - 4.34 5.59
4d3p2 - 6.05 7.51
77 Ir 4ds/2 1.840 8.90 10.90
5s 4.00 0.44
4fs/2 1.700 6.30 6.12
4f7/2 2.250 8.03 7.78
4f 3.950 - -
4s - 1.44 1.90
4p1/2 - 1.54 2.14
4p3r2 - 4.45 5.74
4d32 - 6.24 7.78
4dsp 1.920 9.20 11.32
8 Pt 5s 1 1.50 0.46
4fsp 1.850 6.97 6.81
4f772 2.550 8.89 8.65
4f 4.400 - -
5ps/2 - 0.83 1.04
4p1s2 - 1.53 2.14
4p3i2 - 4.55 5.89
4dsp2 - 6.42 8.06
4ds/2 2.050 9.50 11.74
79 Au 4fs/2 2.150 7.68 7.54
4f772 2.800 9.79 9.58
4f 4.950 - -
5p1r2 - 0.35 0.46
Sps/2 - 0.88 1.10
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5 Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
4p12 - 1.52 2.14
4p3/2 - 4.65 6.04
4dsp2 - 6.60 8.33
4ds/2 2.15 9.79 12.17
5s - 0.40 0.50
80 Hg 4fs/2 3.150 8.431 8.32
4f7/2 2.350 10.75 10.57
4f 5.500 - -
oSp1/2 - 0.37 0.48
Spar2 - 0.94 1.17
5d - 1.70 2.08
4s - 1.46 1.95
4pi2 - 1.50 213
4ps2 - 4.75 6.19
4dsp2 - 6.78 8.60
4dsp2 - 10.08 12.60
81 Tl 4fs/2 2.650 9.22 9.14
4f712 3.500 11.77 11.62
4f 6.150 - -
Sp12 - 0.38 0.50
S5p32 - 1.00 1.25
5d 0.900 1.44 2.38
4s - 1.46 1.96
4pir - 1.47 2.12
4ps/2 - 4.86 6.33
4d3p2 - 6.94 8.87
4dsp2 2.350 10.37 13.02
82 Pb 450 2.950 10.05 10.01
4f7r2 3.850 12.83 12.73
4f 6.700 - -
5p - 1.40 1.86
5d 1.000 1.29 3.95
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5 Sensitivity
Z Element Line Wagner Scofield Scofield
Mg anode | Ag anode
4s - 1.45 1.96
4p1s2 - 1.45 2.10
4ps2 - 4.96 6.48
4d32 - 7.11 9.14
4ds/2 2.500 10.64 13.44
83 Bi 4fs/2 3.150 10.93 10.93
4712 4.250 13.95 13.90
4f 7.400 - -
oSp1/2 - 0.41 0.55
Spar2 - 1.13 1.41
5d 1.100 1.44 3.00
4s - 1.44 1.96
4p12 - 1.38 2.04
4p3i2 - 5.15 6.77
4ds2 - 7.42 9.65
4dsp2 - 11.20 14.29
85 e 4f - 29.15 29.36
5s - 0.48 0.60
Sp12 - 0.44 0.58
Sps2 - 1.26 1.58
5d - 2.92 3.63
4s - 1.44 1.95
4p12 - 1.34 2.00
4pai2 - 5.24 6.92
4dsp2 - 7.56 9.90
4dsp2 - 11.46 14.70
86 Rn 4f i 31.43 14.00
5s - 0.49 17.81
Sp1r2 - 0.45 0.45
Sp3r2 - 1.33 1.33
5d - 3.17 3.17
4s - 1.41 1.95
4p1/2 - 1.26 1.26
4ps2 - 5.42 1.91
4d32 - 7.82 7.20
4ds/2 - 11.95 10.40
88 Ra 4f - 36.20 37.04
5s - 0.52 0.66
Sp1s2 - 0.47 0.63
P32 - 1.48 1.86
5d - 3.69 4.61
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Sensitivity
4 Element Line Wagner Scofield Scofield
Mg anode | Ag anode

4p3i2 - 5.59 7.46
4dsp - 8.05 10.82
4dsp2 3.500 12.45 16.31
Afspo - 18.21 18.81
4f772 7.800 23.30 23.94

90 Th 5s - 0.55 0.70
Sp1/2 - 0.9 0.66
5pss2 - 1.63 2.05
5ds/2 0.600 1.70 2.15
5ds/2 0.900 2.52 3.15

5d 1.500 - -

4d3s2 - 8.20 11.25
4dsp2 3.850 12.80 17.05
4fs)2 - 20.60 21.50

92 U 4f712 9.000 26.30 247.36
5dss2 0.600 2.40 2.36
5ds/2 1.000 3.46 3.46

5d 1.600 - -
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