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REMINDER

Photoemission provides 
information on:

- Chemical composition
- Chemical state/reaction
- Electronic state

H.-Ch. Mertins / Ch. Jung / M. Mast     
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- Electronic state
- Interfaces/interface reactions
- Quantitative analysis
- Depth profiling
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1. ¿Qué es XPS?
p “X-Ray Photoemission Spectroscopy (XPS)”, se 

lo conoce también como “Electron Spectroscopy 
for Chemical Analysis (ESCA)”, se utiliza 
ampliamente para la caracterización Química de 
superfices.

Mayo de 2019 3

MSE SeminarApril 27, 2007 4

Introduction to XPS: Brief Historical Review

• Hertz (1880) – Spark enhancement
• Hallwachs (1888) – Negatively 

charge Zn plate discharged
• J.J. Tomson (1899) – Light 

induced electron emission
• Einstein (1905) – Photoelectric 

effect  explained
(Nobel prize rewarded in 1921)

• Steinhardt and Serfass (1951) –
Photoemission was applied as 
analytic tool (ESCA)
(Nobel prize rewarded in 1981)

The process of using photons 
(light) to remove electrons 
from a bulk material is called 
photoemission.

1. Historia
p XPS se basa en el ”Efecto Fotoeléctrico”

descubierto por Hertz en 1887[1].
p Teoría desarrollada por A. Einstein [2]
p Desarrollo en los 60’s por parte de Kai Siegbahn

en Suecia, acuna el término ESCA (electron
spectroscopia for chemical analysis) [3].

p Desarrollo en los 70’s por la comercialiación de
equipos UHV.

1. H. Hertz, Ann. Physik 31,983 (1887).
2. A. Einstein, Ann. Physik 17,132 (1905). 1921 Nobel Prize in Physics.

3. K. Siegbahn, et. al., Nova Acta Regiae Soc.Sci., Ser. IV, Vol. 20 (1967). 1981 Nobel 
Prize in Physics. 
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1. Posibilidades
p Identificación cualitativa de elementos químicos 

presentes en una superficie, y su estado de 
oxidación. 

p H y He quedan excluídos
p Composición atómica y porcentual.
p Estimación de espesores de films, y su 

uniformidad.
p Distrubución espacial de elementos (chemical 

mapping)

Mayo de 2019 5

1. Posibilidades
p XPS es una técnica de sensibilidad 

superficial: 10 nm de profundidad.
p Es una técnica cualitativa

n Presencia de elementos químicos
n Estados de oxidación
n Hibridación
n Entorno Químico

p Es una técnica cuantitativa
n Permite medir con una precisión del 0.5%

Mayo de 2019 6
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1. Bases: Efecto Fotoeléctrico
p Las líneas de XPS se 

identifican por la capa 
electrónica de la cual se 
eyecta el electrón.

p La energía cinética del 
fotoelectrón eyectado es:

EK=h𝜐-EB-Φ
p Se requieren energías en 

keV (rayos X)
n Se usa Al K𝛼 y Mg K𝛼
n 1.49 keV y 1.25 keV
n Se puede utilizar radiación 

síncrotron

Mayo de 2019 7

6 ELECTRON SPECTROSCOPY: SOME BASIC CONCEPTS

(usually expressed as counts or counts/s) versus electron energy - the X-
ray induced photoelectron spectrum.

The kinetic energy (EK) of the electron is the experimental quantity
measured by the spectrometer, but this is dependent on the photon
energy of the X-rays employed and is therefore not an intrinsic material
property. The binding energy of the electron (EB) is the parameter which
identifies the electron specifically, both in terms of its parent element
and atomic energy level. The relationship between the parameters in-
volved in the XPS experiment is:

EB = hv - EK - W

where hv is the photon energy, EK is the kinetic energy of the electron,
and W is the spectrometer work function.

As all three quantities on the right-hand side of the equation are known
or measurable, it is a simple matter to calculate the binding energy of the
electron. In practice, this task will be performed by the control electronics
or data system associated with the spectrometer and the operator merely
selects a binding or kinetic energy scale whichever is considered the more
appropriate.

The process of photoemission is shown schematically in Figure 1.2,
where an electron from the K shell is ejected from the atom (a Is photo-
electron). The photoelectron spectrum will reproduce the electronic
structure of an element quite accurately since all electrons with a binding

Ejected K electron
(Is electron)

Vacuum

Figure 1.2 Schematic diagram of the XPS process, showing photoionization of an
atom by the ejection of a 1s electron
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Peak Notations
L-S Coupling ( j =  l s )

e-
s= 1

2 s= 1
2

1
2j =  l  + 1

2j =  l  

Spin-orbital splitting

2. Bases: Nomenclatura
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 3.3  Instrumentation   77

3.3 Instrumentation

An XPS apparatus substantially consists of a high-vacuum environment, a source 
of fixed energy radiation, an electron energy analyzer coupled with a lens system to 
disperse the emitted electrons according to their kinetic energy, an electron detector 
to measure the flux of emitted electrons of a particular energy, and a flood gun for 
charge compensation. Typically, the apparatus is then connected to a computer with 
a proper software interface, which registers the signal coming from the detector, and a 
spectrum of counts rate vs kinetic energy will be displayed in real time. After acquisi-
tion, data processing tools are generally provided to extract all the required informa-
tion. Figure 3.2 depicts a block diagram of a typical XPS spectrometer.

Pumping
system

Analysis chamberPre-chamber

Flood
gun

Ion
gun

PC/softwareDetector

Analyser

Transfer
lenses

X-rays
source

Fig. 3.2: Schematic diagram of an XPS spectrometer.

Tab. 3.1: The “language”

Quantum numbers Spectroscopic notation X-ray notation
n l s j = l + s
1 0 +1/2 1/2 1s K
2 0 +1/2 1/2 2s L1
2 1 –1/2 1/2 2p1/2 L2
2 1 +1/2 3/2 2p3/2 L3
3 0 +1/2 1/2 3s M1
3 1 –1/2 1/2 3p1/2 M2
3 1 +1/2 3/2 3p3/2 M3
3 2 –1/2 3/2 3d3/2 M4
3 2 +1/2 5/2 3d5/2 M5
… … … … … …
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 3.2  Photoelectron spectroscopy: A brief history   75

The electron kinetic energy is an experimental quantity that can be measured 
by the spectrometer, but this is dependent on the photon energy of the X-rays used; 
the BE of the electron is the parameter that identifies the electron specifically, both 
in terms of its parent element and atomic energy level. Because no two elements 
possess the same set of BE, the measured kinetic energy provides for the elemental 
analysis (except for hydrogen and helium). From Eq. 3.2, it is a simple matter to cal-
culate the BE of the electron because all the other three terms are known or, at least, 
measurable. In practice, this task will be performed by the control electronics or data 
system associated with the spectrometer and the operator merely selects a binding or 
kinetic energy scale, whichever is considered the more appropriate.

A scheme of the photoemission process is reported in Fig. 3.1.
The scheme represents an incident X-ray impinging the material and causing 

an electron from an internal shell to be ejected from the atom (Fig. 3.1a). The pho-
toelectron spectrum will reproduce the electronic structure of an element quite 
accurately because all electrons with a BE less than the photon energy (hν) will 
feature in the spectrum. Because of the high energy of X-ray radiation, the photo-
electrons lines coming from the core levels are the most intense in an XP spectrum; 
unresolved lines of low intensity also occur in the low-binding-energy region, pro-
duced by photoelectron emission from molecular orbitals (valence band). Those 
electrons that are excited and escape without energy loss contribute to the charac-
teristic peaks in the spectrum; those that undergo inelastic scattering contribute 
to the background of the spectrum. The former comes from a depth that depends 
on the inelastic mean free path (IMFP, λ) of the electrons through the sample and 
on geometric factors (see Fig. 3.5 for details) and is called “sampling depth.” This 
varies within the range of few nanometers and determines the surface-sensitive 
nature of XPS. After the photoemission, the ionized atom returns to its ground 
state through two main processes: emission of an X-ray photon, known as X-ray 

(a)

XPS process

(b)

Auger process

E

2p3/2 (L3)
2p1/2 (L2)

2s (L1)

1 s (K)

e–

(XPS signal)
hv

e–

(Auger signal KL1L3)

Fig. 3.1: (a) Schematic diagram of the XPS process and (b) of the Auger process.
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2. Bases: Efecto Fotoeléctrico
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Introduction to XPS: General Concepts

1s2s2p

BE

νh

ϕν −−= KB EhE
(The Einstein equation)

kB

initialfinalB

E

nEnEE

ε−≈

−−= )()1(

(Koopmans’ Theorem)

1s2s2p

hω

Energy

1s

Vacuum level

Fermi level

KE

ϕ

2. Bases: Expresiones en base a EK y EB

p EK=h𝜐-EB-Φ
n La EK se mide experimentalmente en el espectrómetro 

pero depende de los RX utilizados.
n La EB es lo que efectivamente identifica al átomo en 

cuestión, ya que dos elementos diferentes no pueden 
tener la misma EB.

p EB=h𝜐-EK-Φ

Mayo de 2019 10

AUGER ELECTRON SPECTROSCOPY (AES)

Figure 1.3 Photo electron spectrum of lead showing the manner in which electrons
escaping from the solid can contribute to discrete peaks or suffer energy loss and con-
tribute to the background; the spectrum is superimposed on a schematic of the elec-
tronic structure of lead to illustrate how each orbital gives rise to photoelectron lines

energy less than the photon energy will feature in the spectrum. This is
illustrated in Figure 1.3 where the XPS spectrum of lead is superimposed
on a representation of the electron orbitals. Those electrons which are
excited and escape without energy loss contribute to the characteristic
peaks in the spectrum; those which undergo inelastic scattering and suffer
energy loss contribute to the background of the spectrum. Once a photo-
electron has been emitted, the ionized atom must relax in some way. This
can be achieved by the emission of an X-ray photon, known as X-ray
fluorescence. The other possibility is the ejection of an Auger electron.
Thus Auger electrons are produced as a consequence of the XPS process
often referred to as X-AES (X-ray induced Auger electron spectroscopy).
X-AES, although not widely practised, can yield valuable chemical in-
formation about an atom. For the time being we will restrict our thoughts
to AES in its more common form, which is when a finely focused electron
beam causes the emission of Auger electrons.

1.4 Auger Electron Spectroscopy (AES)

When a specimen is irradiated with electrons, core electrons are ejected
in the same way that an X-ray beam will cause core electrons to be

MSE SeminarApril 27, 2007 6

Introduction to XPS: Qualitative Analysis

ELEMENT ANALYSIS
Every chemical element has an unique electronic structure, thereby the electrons are 
emitted with specific kinetic energies. The emission lines for almost all elements 
are well tabulated.1

1 See, for instance, NIST X-ray Photoelectron Spectroscopy Database (the National Institute of Standards 
and Technology, http://srdata.nist.gov/xps/)

ϕν −−= KB EhE
(The Einstein equation)

eVh 6.1486=ν

for Al Kα radiation
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2. Bases: Efecto Auger
p Cuando el átomo excitado se relaja, libera energía que 

puede producir la fotoejección de otras capas.

p Dicho proceso es independiente de la energía de la 
radiación incidente original.

Mayo de 2019 11

ELECTRON SPECTROSCOPY: SOME BASIC CONCEPTS

Ejected K electron Ejected L2,3 electron
• (KL2,3L2, 3 Auger electron)

Vacuum
Fermi

Valence band
L,,

Incident • • / Internal • •
radiation 1 transition

Figure 1.4 Relaxation of the ionized atom of Figure 1.2 by the emission of a
KL2,3L2,3 Auger electron

ejected in XPS. The difference is that in the case of electron irradiation
the secondary electrons contain no analytical information - although
those of low energy are very useful for imaging purposes as in scanning
electron microscopy. However, once an atom has been ionized it must,
in some way, return to its ground state. The emission of an X-ray
photon may occur, which is the basis of electron probe microanalysis
(EPMA), carried out in many electron microscopes by either energy
dispersive (EDX) or wavelength dispersive (WDX) spectrometers. The
other possibility is that the core hole (for instance a K shell vacancy as
shown in Figure 1.2) may be filled by an electron from a higher level, the
L2,3 level in Figure 1.4. In order to conform with the principle of the
conservation of energy, another electron must be ejected from the atom,
e.g., another L2,3 electron in the schematic of Figure 1.4. This electron is
termed the KL2,3L2,3 Auger electron.

It is common to omit the subscripts when referring to the group of
Auger emissions involving the same principal quantum numbers, for
example the term Si KLL is used to refer to the whole group of KLL
emissions from silicon. Similar generalizations can be used for emissions
involving core or valence electrons. It is not uncommon to see terms
such as NW, which refer to Auger emissions in which an electron is
removed from the N orbital to be replaced by an electron from the
valence shell causing a second valence electron to be emitted. Even more
general is the term CVV in which the C refers to any core electron, using
this approach a CCC transition indicates the involvement of three elec-
trons from core levels. In general, it is the CCC Auger transitions which
provide chemical information in Auger electron spectroscopy.

AUGER ELECTRON SPECTROSCOPY (AES) 9

The kinetic energy of a KL2,3L2,3 Auger electron is approximately
equal to the difference between the energy of the core hole and the
energy levels of the two outer electrons, EL2,3 (the term L2,3 is used in
this case because, for light elements, L2 and L3 cannot be resolved):

« EK — EL2,3 — EL ,

This equation does not take into account the interaction energies be-
tween the core holes (L2,3 and L2,3) in the final atomic state nor the
inter- and extra-relaxation energies which come about as a result of the
additional core screening needed. Clearly, the calculation of the energy
of Auger electron transitions is much more complex than the simple
model outlined above, but there is a satisfactory empirical approach
which considers the energies of the atomic levels involved and those
of the next element in the periodic table.

Following this empirical approach, the Auger electron energy of tran-
sition KL1L2,3 for an atom of atomic number Z is written:

EKL1L2,3(Z) = EK(Z) - 1 /2[E L l (Z) + ELl (Z + 1)]
(Z)+EL 2 , 3 (Z + 1)]

Clearly for the KL2,3L2,3 transition the second and third terms of the
above equation are identical and the expression is simplified to:

EKL2,L2,(Z) = EK(Z) - [EL2,3(Z)+EL2,3(Z + 1)]

It is the kinetic energy of this Auger electron (EKL2,3L2,3) that is the
characteristic material quantity irrespective of the primary beam com-
position (i.e., electrons, X-rays, ions) or its energy. For this reason Auger
spectra are always plotted on a kinetic energy scale.

The use of a finely focused electron beam for AES enables us to
achieve surface analysis at a high spatial resolution, in a manner analo-
gous to EPMA in the scanning electron microscope. By combining an
electron spectrometer with an ultra-high vacuum (UHV) SEM it be-
comes possible to carry out scanning Auger microscopy. In this mode
of operation various imaging and chemical mapping procedures become
possible.

2. Espectros XPS y Auger
p Las señales más intensas

provienen del espectro
electrónico más definido.

p La región de valencia es
siempre menor en
intesidad y poco definida.

p A las señales XPS se le
agrega el aporte de la
señal Auger, la cual da un
patrón característico que
complementa la
información

Mayo de 2019 12

X-RAY SOURCES FOR XPS 23

peaks will change to a position 233eV higher on a kinetic energy scale
on switching from MgKa to AlKa whereas the energy of Auger transi-
tions remains constant. On a binding energy scale, of course, the reverse
is true as shown in Figure 2.2.

1000 800 600 400
Binding energy (eV)

Figure 2.2 Comparison of XPS spectra recorded from copper using AlKa (upper)
and MgKa (lower) radiation; note that on a binding energy scale the XPS peaks
remain at constant values but the X-AES transitions move by 233 eV on switching
between the two sources

Table 2.1 Possible anode materials for XPS

Element

Y
Zr
Mg
A!
Si
Zr
Ag
Ti
Cr

Line

MC
MC
Ka\^2
Ka1,2
Ka
La
La
Ka
Ka

Energy (eV)

132.3
151.4

1253.6
1486.6
1739.6
2042.4
2984.4
4510.9
5417.0

Full-width half
maximum (eV)

0.47
0.77
0.7
0.9
1.0
1.7
2.6
2.0
2.1

The photon energies and peak widths of MgKa and AlKa are com-
pared with those of other elements in Table 2.1. In a twin anode
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2. Bases: Probabilidad de relajación 
p Relajación Core-Hole de la capa K.
p Los elemenots livianos tienen baja sección eficás para 

producir emisión de RX

Mayo de 2019 13
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3. Análisis Cualitativo
p Análisis elemental

n Cada elemento químico tiene una estructura
electrónica única.

n Las líneas de emisión están bien establecidas y
tabuladas.

14
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Introduction to XPS: Qualitative Analysis

ELEMENT ANALYSIS
Every chemical element has an unique electronic structure, thereby the electrons are 
emitted with specific kinetic energies. The emission lines for almost all elements 
are well tabulated.1

1 See, for instance, NIST X-ray Photoelectron Spectroscopy Database (the National Institute of Standards 
and Technology, http://srdata.nist.gov/xps/)
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(The Einstein equation)
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NIST X-ray Photoelectron Spectroscopy Database the National Institute of Standards and Technology, 
http://srdata.nist.gov/xps/

http://srdata.nist.gov/xps/
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3. Análisis:  Chemical Shift
p Teorema de Koopmans:

p Efecto del Estado Inicial:
Si la energía inicial del átomo 
cambia por la formación de un 
enlace químico, su energía de 
binding también lo hará

p Obtención mediante simulación 
computacional, por ej.: DFT

Mayo de 2019 15
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Introduction to XPS: Chemical Shift

kB

initialfinalB

E

nEnEE

ε−≈

−−= )()1(
(Koopmans’ Theorem)

INITIAL STATE EFFECT
If the energy of the atom’s initial 
state changed, for example by 
formation of chemical bond with 
other atoms, the EB of the 
electrons in that atom will 
change.

kBE εΔ=Δ

Fermi level
+δ

Original level

−δ

EΒ(+δ)

EE

EΒ(−δ)
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Introduction to XPS: Chemical Shift

kB

initialfinalB

E

nEnEE

ε−≈

−−= )()1(
(Koopmans’ Theorem)

INITIAL STATE EFFECT
If the energy of the atom’s initial 
state changed, for example by 
formation of chemical bond with 
other atoms, the EB of the 
electrons in that atom will 
change.

kBE εΔ=Δ

Fermi level
+δ

Original level

−δ

EΒ(+δ)

EE

EΒ(−δ)

3. Análisis:  Chemical Shift

Mayo de 2019 16

Mayor “apantallamiento”

Menor “apantallamiento”

XPS
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3. Análisis:  Chemical Shift
p Efecto de electronegativad

Mayo de 2019 17
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CHEMICAL STATE INFORMATION 65

by 2.9 eV. In essence, the more bonds with electronegative atoms that
are in place, the greater the positive XPS chemical shift. This is illus-
trated in a striking manner for fluoro-carbon species, the C 1s chemical
shifts being larger than those of carbon-oxygen compounds as fluorine
is a more electronegative element. The C-F group is shifted by 2.9 eV
whilst CF2 and CF3 functionalities are shifted by 5.9eV and 7.7eV
respectively. Unfortunately, such examples of the chemical shift are
unusually large and, in general, values of l-3eV are encountered. An
example of the manner in which the peak fitting of a complex C 1s
spectrum is achieved is shown in Figure 3.2. The sample is an organic
molecule, the diglycidyl ether of bisphenol A, which is a precursor to many
thermosetting paints, adhesives and matrices for composite materials.
By the consideration of the structure of the molecule it is possible to
build up a synthesized spectrum, the relative intensities of the individual
components reflecting the stoichiometry of the sample. For polymer XPS
at this level of sophistication the resolution attainable with a monochro-
matic source is absolutely essential.

Final-state effects that occur following photoelectron emission, such as
core hole screening, relaxation of electron orbitals and the polarization of
surrounding ions are often dominant in influencing the magnitude of the

.HC-CH-CHjOi \ / *
O

CH3 OH
-C-0})-O-CH2-CH-CH2-O-

CH,
O-CHp-CH-CHo

V

289 288 287 286 285 284
Binding energy (eV)

283

Figure 3.2 C Is spectrum of the basic building block of epoxy product, the
diglycidyl ether of bisphenol A, the structure of which is shown above the spectrum;
this spectrum was recorded using monochromatic Al radiation

3. Análisis:  Chemical Shift
p Efecto de electronegativad
p C 1s

Mayo de 2019 18
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3. Análisis:  Chemical Shift para C 1s
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88 
 

3  Polym
er surface chem

istry: Characterization by XPS 

Tab. 3.2: C1s typical chemical shifts range for different functional groups

Functional group BE range (eV) Functional group BE range (eV) Functional group BE range (eV)

C C 285.00 C NO2 285.76 X 284.44–284.80

C C, C C 284.69–284.76 C N 285.56–286.41 C Si 284.22–284.39

C OH, C O C 286.13–286.75 C N+ 285.99–286.22 C S 285.21–285.52

C O, O C O 287.81–288.06 CC N 286.35–286.46 C SO2 285.31–285.64
O O

C C
288.64–289.23 C N 286.73 C SO3 285.16

O
HO C 289.18–289.33 ONO2C 287.62 C Br 285.74
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Spectrometer related factors include the following.

• The transmission function of the spectrometer, which is the proportion
of the electrons transmitted through the spectrometer as a function of
their kinetic energy. In modern electron spectrometers, this function
can be complex and depend upon the way in which the lenses are
operated. The transmission function is usually measured by the man-
ufacturers and account is taken of it automatically when data are
quantified using the manufacturer's data system.

• The efficiency of the detector, the proportion of the electrons striking
the detector which are detected.

• Stray magnetic fields which affect the transmission of low-energy
electrons to a greater extent than high-energy electrons and so must be
taken into account in the quantification. The effects of magnetic fields
are minimized by the use of u-metal screening around the sample area or
by fabricating the analysis chamber in /^-metal.

There are two basic approaches which may be taken in carrying out the
calculations for a quantitative evaluation of surface composition: based
on first principles, or based on an empirical relationship together with
cross-sections or sensitivity factors which may be published or deter-
mined in-house. As the quantification of an XPS spectrum is rather more
straightforward and potentially more accurate we shall consider it first.

33.2 Quantification in XPS

The intensity (I) of a photoelectron peak from a homogeneous solid is
given, in a very simplified form, by:

/ = JpaKX

where / is the photon flux, p is the concentration of the atom or ion in
the solid, a is the cross-section for photoelectron production (which
depends on the element and energy being considered), K is a term which
covers all of the instrumental factors described above, and A is the
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I=J𝜌𝜎K𝜆

p J: flujo de fotones
p 𝜌: concentración del átomo en el sólido
p 𝜎: sección eficaz del fotoelectrón producido, depende del 

elemento y la energía de excitación.
p K: factores intrumentales.
p 𝜆: longitud de atenuación.

p Se puede tomar Fi=𝜎K𝜆, denominado factor de sensibilidad.

𝐴 % =

𝐼+
𝐹+
∑.
𝐼.
𝐹.Mayo de 2019 21
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5. Características de la Muestra
p Medida en UHV!
p Presencia de gases adsorbidos.
p Posibilidad de oxidación de la muestra.
p Se puede medir superficies o polvos
p Polvo se puede prensar entre foils de aluminio
p Por lo general las dimensiones deben ser con 

diámetros entre 5-10 mm y espesor inferior a 3 
mm.

p Muestras en solución pueden ser liofilizadas 
previamente para obtener el correspondiente 
sólido.

p Problema de muesras aislantes.
Mayo de 2019 25
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Biogenic approaches using citrus extracts for the
synthesis of metal nanoparticles: the role of
flavonoids in gold reduction and stabilization†

Jelver Alexander Sierra,a Caio Raphael Vanoni,a Milton André Tumelero,b

Cristiani Campos Plá Cid,b Ricardo Faccio,c Dante Ferreira Franceschini,d

Tânia Beatriz Creczynski-Pasaa and André Avelino Pasa‡*b

Synthesis of nanoparticles free from toxic chemicals and solvents is highly seen for large-scale production

processes, particularly for use in biomedical/biotechnological applications. So far, although several

methods for synthesis of metal nanoparticles using citrus extracts have been described, none of them

clarify which compounds are responsible for both reduction and stabilization of NPs. Here we report the

role of citrus flavonoids, hesperidin, hesperetin, rutin, naringenin, quercetin and diosmin, in the synthesis

of gold nanoparticles (AuNP) at room temperature. Only in the presence of the citrus flavonoids, diosmin

(Dm), and hesperetin (Ht), the reduction of HAuCl4 in concentrations as high as 7 mM under alkaline

conditions yielded concentrated and self-stabilized suspensions of uniform spherical nanoparticles with a

narrow size distribution. We went further and focused on Ht, the most abundant flavonoid aglycone

from citrus fruits known for its medicinal properties. HtAuNPs were characterized using high-resolution

transmission electron microscopy, dynamic light scattering, X-ray photoelectron spectrometry and UV-Vis

spectrophotometry. The NPs remained stable for months without significant changes in their shape and

optical properties. Theoretical calculations using density functional theory were used to identify the

functional groups involved in the electron transfer from the Ht molecules to gold, which seems to be

the consequence of an initial complexation, leading to the reduction of Au3+ ions into Au0. Besides, this

procedure provides a one-pot method, showing potential for large-scale.

Introduction
Due to their distinctive catalytic and optical properties compared
to bulk material, metal nanoparticles have attracted great atten-
tion to date in multidisciplinary research fields, such electronics,1

catalysis,2 environmental,3 biomedical,4 pharmaceutical,5 textile6

and cosmetic,7 which suggest likely growth in commercial
interest, calling for effective synthesis methods to match the
increasing demand on AuNPs.

Several studies have indicated that the particle size,
morphology and inter-particle interaction, as well as interactions
between surface atoms and stabilizing ligands in metal nano-
particles are strong influencing factors on particle stability,
and on optical, electrochemical, and biochemical properties,8

which are critical for their final application and must therefore
be assessed and rigorously controlled.9 Such requirements
justify the various on-going studies to develop or improve
existing methods to synthesize stable AuNPs.

Avoiding processes with toxic chemicals and solvents is an
important criterion for green approaches to nanoparticle synthesis,
supporting also the idea of subsequent use in biomedical applica-
tions. In contrast to other chemical methods that cause the
adsorption of some toxic chemical species on the particle surface,
Turkevich et al.10 developed a low cost procedure with reaction
occurring in water as the solvent, and low pollution potential by
pouring a measured amount of sodium citrate into a boiling
solution of up to 2.5 mmol L!1 of chloroauric acid HAuCl4 at
reflux to produce biocompatible AuNPs.8 With this method the
nanoparticles display a narrow distribution and can be easily
handled in applications, with the drawback of aggregation when

a Departamento de Ciências Farmacêuticas, Grupo de Estudo de Interações
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differentiation of two stages of HtAuNPs formation, i.e., nuclea-
tion and autocatalytic growth with no incubation period, which
could be explained by the high concentration of the reactants,
as previously discussed.41 At the beginning of the reduction
reaction DLS measurements detected large particles up to
250 nm in the black-colored suspensions, which decreased in
size in less than 10 min, getting close to the size of HtAuNPs
measured individually by TEM in the final colloidal suspensions.
This behavior is in agreement with our findings with UV-Vis,
thus colored suspensions could be explained by the presence of
aggregates as reported by Mikhlin et al.,44 who also found large
scattering structures with an average hydrodynamic diameter of
up to 125 nm in the initially colored suspensions produced by
the citrate method.

Ideally a good and effective synthesis method to match
the demand of NPs for any intended use should be highly
reproducible. In Fig. 4d are plotted data of independent synth-
eses (n = 16). Results presented in this figure include the
Z-average, Z-ave, and the mean diameter obtained from the
size distributions weighted by intensity (Int) of the scattered
radiation and also weighted by nanoparticles volume (Vol) and
number (Num), along with the polydispersity index. As it can be
seen, the method is highly reproducible, displaying coefficients
of variation below 15% for the mean diameter.

The shape and size distribution weighted by the number of
the HtAuNPs were determined by transmission electron micro-
scopy (TEM). Fig. 5a shows a typical TEM image of HtAuNPs
(diluted 1 : 1000), and their corresponding size distribution
histogram is presented in Fig. 5b, and compared with the DLS
results. It is evident from these figures and the high-resolution

image in Fig. 5c that HtAuNPs are spherical in shape, well
separated from each other and showing a narrow size distribution.

Several authors have pointed out that drying and storing the
NPs on surfaces could cause changes that may not reflect
accurately the nature of the sample in the liquid dispersion.45

We have performed DLS measurements and compared with
TEM results, for the same set of NPs. The histogram of the size
distribution by the number in Fig. 5b has a normal distribution
similar to the one obtained by TEM. The shift of the center to
22 nm for a PdI of 0.187 could be explained by assuming that
DLS is measuring the gold core with a surface chemisorption of
hesperetin and its oxidation products, whereas TEM is showing
only the Au core. Is also possible that DLS due to its lower
resolution only discriminates NPs with large sizes or aggregates
made of 2 or more nanoparticles. Our data reproduces the
report for 15 nm AuNPs by Mahl et al.46

The crystalline nature of HtAuNPs in Fig. 5c was further
investigated by selected area electron diffraction (SAED) analysis.
As can be seen from the SAED pattern in Fig. 5d of a selected
area with many HtAuNPs, the nanoparticles are highly crystalline
and electron diffraction rings could be assigned to (111), (200),
(220), (311), and (222) planes of a face-centered cubic (fcc)
metallic gold. Additionally, the interplanar distance measured
in the high-resolution images of 2.35 nm corresponds to the fcc
lattice parameter of (111) planes oriented in the 111 zone.

It is generally accepted that colloids showing a zeta potential
outside the interval of !25 to +25 mV is stable and that
agglomeration only occurs when the attraction between NPs
exceeds the repulsive forces among them with a zeta potential
approaching the point of zero charge.47 HtAuNPs displayed a
negatively charged layer of !44 mV that keep them separated

Fig. 4 HtAuNPs are synthetized within 30 minutes, starting with black
colored suspensions formed by large aggregates that gradually decrease in
size. The time course of the reaction at room temperature of a mixture of
chloroauric acid and hesperetin at a molar ratio of 1 and a concentration of
4 mmol L!1 and pH 11 was monitored by (a) UV-Vis spectra after 0.5 min
(black), 5 min (dark gray), 10 min (dark violet), 15 min (violet), 20 min (magenta),
and 25 min and (ruby red). (b) Position (lmax) of the main plasmon peak and
absorbance at 522 and 650 nm. (c) Hydrodynamic diameter (Zeta-average)
and polydispersity index measured, and (d) size of different batches of
HtAuNPs measured by DLS.

Fig. 5 Homogeneous suspensions of negatively charged crystalline
HtAuNPs were synthetized by adding chloroauric acid to a hesperetin
solution at a molar ratio of 1 and a concentration of 4 mmol L!1. (a) TEM
image of HtAuNP as prepared, (b) size distribution by a number of as-
prepared HtAuNPs measured using DLS or diluted by TEM, (c) their high-
resolution image, and (d) the SAED pattern.

NJC Paper

Pu
bl

is
he

d 
on

 2
3 

N
ov

em
be

r 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
e 

Sa
nt

a 
C

at
ar

in
a 

(U
FS

C
) o

n 
11

/1
2/

20
15

 1
6:

08
:1

9.
 

View Article Online

New J. Chem. This journal is©The Royal Society of Chemistry and the Centre National de la Recherche Scientifique 2015

from each other, see Fig. 6a, and could explain the long-term
stability of our colloids, which is longer than one year.
Easy manipulation of nanoparticles on applications is highly
desirable and centrifugation is a flexible method commonly
used to purify nanoparticles after chemical modification.48

HtAuNPs showed a stable size as measured by DLS after 2
centrifugation steps as shown in Fig. 6b. However aggregation
was observed when 3 centrifugation steps were used (not shown).
Also, in order to judge the degree of attraction and stabilization
of Ht on HtAuNPs, a concentrated suspension was diluted
stepwise and the UV-Vis spectra were recorded. As shown in
Fig. 6c Ht is effective in the stabilization with the absorption
showing a linear behaviour after dilution (inset). Finally, Fig. 6d
shows the UV-Vis spectra of a purified suspension after 2 years
of storage. HtAuNPs are fairly stable for at least one year, the
2 year spectrum showed an additional, well defined LSPR band
at 650 nm indicating aggregation.

In their previous work, Ivanov et al.,47,49 suggested that while
both SPR and zeta potential data would provide important
information regarding the composition, concentration and effec-
tive charge of nanomaterials, more precise information regarding
the fine characterization of organic–inorganic interfaces should
be gathered by using other techniques, such as X-ray photo-
electron spectroscopy (XPS).

The XPS analyses of HtAuNPs are presented in Fig. 7. The
survey spectrum of Fig. 7a shows peaks due to the presence of
gold, carbon, oxygen, sodium, chlorine, and silicon. In spite of
the careful purification of HtAuNPs, the detection of sodium
and chlorine could be explained by the electrostatic inter-
actions among negatively charged HtAuNPs and Na+, and Cl!

counter-ions. The Au 4f7/2,5/2 coupled peaks in the narrow range
of binding energy, displayed binding energies of 84.38 and
88.07 eV with a spin–orbit splitting of 3.68 eV and an area ratio

of 0.75 that are in good agreement with the values found in
the literature for pure metallic gold,50 along with some minor
contributions of Au1+ and Au3+, indicating the O–Au bonding,
as displayed in Fig. 7b.

The C 1s envelope for an Ht film and HtAuNPs deposited on
Si is shown in Fig. 7c and d, respectively. In spectral analysis
peaks C–C (285.2 eV), C–OR (286.6 eV), CQO (288.5 eV)
characteristic of Ht were observed, noteworthily an additional
peak typical of COOR (290.2 eV) was also observed, and could
be attributed to Ht oxidation products. Although originally the
COO-R moiety is not present in Ht, both the redox reaction and
the organic–inorganic interaction on the metallic surface could
have induced the molecule to rearrange its internal structure,
leading to complex structural deformation and cleavage of the
adsorbed molecules. Still, when a folin ciocalteau redox reaction
was performed, 1.6 mmol L!1 of total polyphenol content was
found on the HtAuNPs (equivalent to 40% of the original input).
In the O 1s envelope (Fig. S1, ESI†), the oxygen atom is present in
two chemical states, O singly bonded to carbon and O doubly
bonded to carbon, the latter increasing in proportion, supporting
the idea of oxidation products stabilizing the HtAuNPs surface
and confirming the results seen in the carbon spectra.

Computational simulations

The purpose of performing the simulations was to understand
the mechanism of the reduction of Au3+ ions as well as the
surface capping mechanism. Accordingly, theoretical evidence
for the Au+3:Hesperetin and Au+3:Hesperetin chalcone (Hc)
interactions leading to the formation of gold nanoparticles
simulating the experimental conditions as close as possible is
provided. Firstly, the possible stable conformations of Ht in the

Fig. 6 UV-Vis spectra and DLS measurements of HtAuNPs purified by
centrifugation over time. HtAuNPs are stable under conditions of (a)
dilution, (b) centrifugation (2" 6000 " g 7 min), and (c) laboratory storage
conditions (2–8 1C for 2 years).

Fig. 7 XPS measurements: (a) XPS survey spectrum of the film formed by
dropping and drying on silicon substrate hesperetin reduced and self-
stabilized gold nanoparticles. (b) Au 4f, (c) Hesperetin C 1s, and (d) HtAuNPs
C 1s envelopes deconvoluted into its components.

Paper NJC

Pu
bl

is
he

d 
on

 2
3 

N
ov

em
be

r 2
01

5.
 D

ow
nl

oa
de

d 
by

 U
ni

ve
rs

id
ad

e 
Fe

de
ra

l d
e 

Sa
nt

a 
C

at
ar

in
a 

(U
FS

C
) o

n 
11

/1
2/

20
15

 1
6:

08
:1

9.
 

View Article Online



14

6. Ejemplo 1: Cu2O dopado con Bi

Mayo de 2019 27

Defects controlling electrical and optical properties of electrodeposited
Bi doped Cu2O
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Doping leading to low electrical resistivity in electrodeposited thin films of Cu2O is a
straightforward requirement for the construction of efficient electronic and energy devices. Here,
Bi (7 at. %) doped Cu2O layers were deposited electrochemically onto Si(100) single-crystal sub-
strates from aqueous solutions containing bismuth nitrate and cupric sulfate. X-ray photoelectron
spectroscopy shows that Bi ions in a Cu2O lattice have an oxidation valence of 3þ and glancing
angle X-ray diffraction measurements indicated no presence of secondary phases. The reduction in
the electrical resistivity from undoped to Bi-doped Cu2O is of 4 and 2 orders of magnitude for elec-
trical measurements at 230 and 300 K, respectively. From variations in the lattice parameter and
the refractive index, the electrical resistivity decrease is addressed to an increase in the density of
Cu vacancies. Density functional theory (DFT) calculations supported the experimental findings.
The DFT results showed that in a 6% Bi doped Cu2O cell, the formation of Cu vacancies is more
favorable than in an undoped Cu2O one. Moreover, from DFT data was observed that there is an
increase (decrease) of the Cu2O band gap (activation energy) for 6% Bi doping, which is consistent
with the experimental results. Published by AIP Publishing. https://doi.org/10.1063/1.5007052

I. INTRODUCTION

Cuprous oxide (Cu2O) is a semiconductor with a direct
band gap of "2.17 eV at 4.2 K (Ref. 1) and natural hole con-
duction character.2 It has attracted attention as a low-cost
material for application in photovoltaic water splitting cells,3

transistors,4 catalysis,5 photocatalysis,6 and solar cells.7

Recently, Cu2O was also considered as a promising photo-
conductive switching material since it presented a switching
ratio of 3.25 and a response time of 0.45 s.8 For the produc-
tion of thin films of Cu2O, a broad range of techniques have
been used, e.g., pulsed laser deposition,9 magnetron sputter-
ing,10 copper oxidation,7 radical oxidation,11 and electrode-
position.12,13 In particular, Cu2O grown by electrodeposition
is very attractive, since it involves low instrumental and
materials cost, and is efficient for producing large area
films.14–16 Electrodeposition also easily enables the modifi-
cation of Cu2O properties that are dependent on the pH of
the electrolyte,13,17 such as the crystallographic orientation,
the morphology and the refractive index.

The electrical resistivity of electrodeposited Cu2O films
can reach too high values such as 108 X cm (Refs. 18–22)
that are detrimental to developing semiconductor devices
with high efficiency.23 A low fill factor (FF) has been
obtained in electrodeposited p-n homojunction Cu2O solar
cells,21,24–27 and the main cause is the high series resistance
of the cell.

Doping processes are used in materials engineering with
the aim to increase the density of majority carriers, and

consequently decrease the electrical resistivity of the semi-
conductors.28 Through Cl doping, an expressive reduction of
about 5 orders of magnitude in electrical resistivity has been
obtained for electrodeposited Cu2O films.29 Nevertheless,
this doping process actually gives Cu2O n-type charac-
ter.29,30 For Cu2O p-n homojunction solar cells, Cl doping
can be quite useful, but it still remains a necessity for a dop-
ant that could effectively reduce the Cu2O resistivity, but
retaining its p-type character. For electrodeposited Cu2O
films, a decrease in the electrical resistivity by a factor of 3
by doping with 0.3 at. % Mn was measured.31 However, it
was not elucidated if that doping process induces acceptor or
donor states inside of the Cu2O band gap.

Si- and Ge-doped Cu2O thin films grown by sputter
deposition showed electrically active acceptors in the band
gap and a reduction of electrical resistivity by one order of
magnitude.32,33 A decrease of three orders of magnitude in
electrical resistivity was measured for sputter-deposited
Cu2O films doped with N, preserving the p-type character.34

The reduction of Cu2O electrical resistivity and enhancement
of carrier concentration were also attained by N doping of
Cu2O grown via radical oxidation.35

Motivated by the technological interest in electrodepos-
ited p-type Cu2O films with low electrical resistivity and
encouraged by the results found for Cu2O doped with Ge, Si,
and N, this work aimed to dope electrodeposited p-type
Cu2O thin films looking for a decrease of the electrical resis-
tivity maintaining the p-type character. It will be shown that
by doping with Bi, the Cu2O electrical resistivity is reduced

0021-8979/2018/123(16)/161412/11/$30.00 Published by AIP Publishing.123, 161412-1
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noticeable influence of Bi doping on the Cu2O refractive
index is reasonable, since 7% doping is an expressive doping
level and is expected to induce appreciable structural distor-
tions and formation of point defects, which are likely to
modify the Cu2O refractive index.17,22 Meanwhile, despite
the deposition potential playing an important role in the film
growth dynamics, it is not likely that a variation of only
0.05 V on the deposition potential would lead to structural
modifications comparable with the ones induced by 7% Bi
doping. However, in order to obtain qualitative information

regarding the density of defects in the Cu2O lattice, we
applied the Wemple and DiDomenico (WD) dispersion rela-
tionship51 to the refractive index data.

The Wemple and DiDomenico (WD) dispersion rela-
tionship51 is derived from the Sellmeier single-oscillator
model. In the WD relationship, the stronger oscillator (elec-
tronic transition) is isolated, and the remaining oscillators
(electronic transitions) terms are combined. The WD rela-
tionship is given by

n2 ! 1ð Þ!1 ¼ Em

Ed
! 1

EdEm
hvð Þ2; (7)

where hv is the incident radiation energy, Em is the single-
oscillator energy, and Ed is the dispersion energy

Ed ¼
4p!h2Ne2

mEm

X

k

w2
1

w2
k

fk; (8)

where !h is the reduced Planck constant, N is the effective elec-
tron density, m is the electron mass, e is the electron charge,
w1 is the frequency associated with the stronger oscillator or
transition and fk is the electric-dipole oscillator strength of a
transition at frequency wk. Crystalline distortions/imperfec-
tions, as punctual defects, can affect the N and transition
frequency. Therefore, the energy Ed can be useful to look for
defects in different crystal systems. Indeed, such information
given by Ed has already been used in other works.17,52,53

In order to obtain an estimate for Ed, it is helpful to
make use of the following empirical relationship, which was

FIG. 4. AFM images of Bi doped
Cu2O films electrodeposited at (a)
!0.375, (b) !0.400 and (c) !0.425 V
vs. SCE. In (d) is displayed the surface
roughness calculated from AFM
images of doped films with different
thicknesses.

FIG. 5. Optical reflectance spectra of undoped and Bi doped Cu2O films.
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Si and Ni substrates.46 A high-resolution image of this col-
umn is shown in Fig. 3(b). The well-defined Cu2O atomic
planes are an indication that, despite the weak texture of the
whole film, each column presents good crystalline quality in
agreement with the small value of 0.4! for the FWHM of
the XRD peaks. TEM high-resolution images of different
regions showed no evidence about the formation of Bi
phases, also in agreement with XRD measurements. The
SiO2 layer at the Cu2O/Si interface was previously observed
in the literature.47

Figures 4(a)–4(c) show AFM images recorded for Cu2O
films with 250 nm of thickness electrodeposited under the

three potential conditions. As a general trend, all films pre-
sent granular morphology, although the sample deposited
at " 0.375 V vs. SCE shows grains with a larger size. The
surface roughness, root-mean-square height deviation, was
directly calculated using the software PicoScan 5.3 from
Molecular Imaging. As observed in Fig. 4(d), the surface
roughness increases as a function of the film thickness and is
higher for films electrodeposited at " 0.375 V vs. SCE.
The larger grain size and the higher surface roughness
observed at " 0.375 V vs. SCE can be understood through the
nucleation-growth-collision theory.48 Cu2O films grown at
" 0.425 V and " 0.400 V vs. SCE present a higher rate of
deposition than those at " 0.375 V vs. SCE; therefore, at
these more negative potentials, Cu2O islands grow faster and
sooner will collide with each other. This accelerated growth
of islands deposited at more negative potentials ends up lim-
iting the two-dimensional growth, which results in smaller
grain size and lower surface roughness.

B. Optical characterization

Figure 5 presents reflectance spectra obtained for
undoped and Bi doped Cu2O films. The oscillatory behavior
of the reflectance spectra is due to interference in the Cu2O
films. For wavelengths (k) lower than # 500 nm, there are no
oscillations due to the Cu2O band gap. Note that the positions
in k for the maxima and the minima of the reflectance spectra
strongly depend on doping, and are weakly dependent on the
deposition potential. It indicates that Bi doping modifies the
Cu2O band gap and the refractive index, as will be discussed
below.

The band gap energy (Eg) and the refractive index of
electrodeposited Cu2O films were obtained from the reflec-
tance measurements following the procedure employed in
Ref. 17, and references therein. In Fig. 6(a), Eg is plotted as a
function of the deposition potential. For undoped conditions,
the mean Eg value is # 2.16 eV and for the doped case, it is
# 2.22 eV. Both Eg values are in the range expected for
Cu2O. The enhancement of Eg for Cu2O doped with Bi can
be explained by a decrease in Cu-Cu internetwork interac-
tions.44,49 The Cu2O crystal structure constitutes two
interpenetrating three-dimensional Cu2O networks, which
are stabilized by Cu-O intranetwork bonds and Cu-Cu inter-
network interactions.50 Theoretical works in the literature
show that the attenuation of Cu-Cu internetwork interactions
increases the Cu2O band gap.44,49 Such Cu-Cu interaction
can be suppressed by decreasing the lattice parameter of the
interpenetrating Cu2O networks. As observed from XRD
patterns in Fig. 2, Bi doping reduced the Cu2O lattice param-
eter. Therefore, this structural modification led to a weaker
Cu-Cu interaction, and consequently a higher Eg. Recently,
our group has observed the same relationship between Eg

and the lattice parameter for undoped Cu2O films prepared
under different deposition conditions17 and Cu2O films with
different doping levels of Co ions.22

Figure 6(b) shows the refractive index as a function of
the wavelength for undoped and doped Cu2O films. The
Cu2O refractive index is weakly dependent on the deposition
potential and is significantly affected by doping with Bi. The

TABLE I. Percentage of Cu2O crystallites growing in the [100] direction
calculated from XRD patterns obtained in Bragg-Brentano mode. Clearly,
less negative electrodeposition potentials favor the [100] growth.

Bi doped samples Applied deposition potential vs. SCE

Growth direction " 0.425 V " 0.400 V " 0.375 V

[100] 60% 65% 69%

FIG. 3. Cross-section images of the Bi doped Cu2O film deposited at
" 0.400 V vs. SCE. In (a) is shown a Cu2O column, delimited by the white
dashed line. In (b) is a high resolution TEM image of the column presented
in (a).
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III. RESULTS

A. Structural and morphological characterization

The concentration of Bi atoms in doped Cu2O films was
firstly measured by EDS. Figure 1(a) shows the intensities of
O, Cu and Bi EDS peaks, which are not dependent on the
applied potential for Cu2O deposition. Consequently, an
equal Bi amount of 7 at. % was evaluated from films electro-
deposited in the three tested potentials of !0.375, !0.400
and !0.425 V vs. SCE. Particle Induced X-ray Emission
(PIXE) and X-ray Photoelectron Spectroscopy (XPS) mea-
surements confirmed the value of 7 at. % (results not shown).
The oxidation state of the incorporated Bi atoms was investi-
gated through the Bi 4f XPS spectrum, which is shown in
Fig. 1(b). The Bi 4f5/2 and 4f7/2 peaks are, respectively,
located at 164.3 and 159.0 eV. These peak positions are
assigned to Bi3þ ions,42 and were found out by fitting the
experimental curve by Gaussian (70%)-Lorentzian (30%)
profiles. This result, in principle, indicates the non-presence
of metallic Bi, whose 4f binding energies are 162.4 and
157.1 eV.42

XRD measurements in the glancing angle configuration
(x¼ 1.5$) of Bi-doped Cu2O films were performed to check
for the existence of secondary phases related to Bi3þ ions.
As shown in Figs. 2(a)–2(c), independent of the deposition
potential, no Bi phases were observed, i.e., only peaks from
Cu2O crystals are present.43 For Bi-doped samples, the Cu2O
lattice parameter calculated for all peaks present in the dif-
fractogram showed the same value of 4.22 Å and a full-width
at half maximum (FWHM) of 0.4$. The glancing angle XRD
pattern of an undoped Cu2O sample electrodeposited at
!0.400 V vs. SCE is displayed in Fig. 2(d), and the lattice
parameter found in this case is 4.27 Å, which is the value
expected for the strain-free Cu2O lattice.43 The observed
smaller lattice parameter for doped films is probably related
to the incorporation of Bi ions into the Cu2O lattice, which
could induce the formation of copper vacancies (VCu).44

From Bragg-Brentano XRD measurements, whose diffracto-
grams are not shown, the preferential growth direction of the
Cu2O layers was checked. Table I displays the percentage of
Cu2O crystallites growing in the [100] direction. These val-
ues were obtained following the procedure adopted in Ref.
17 and show that less negative electrodeposition potential
favors the [100] growth direction. This behavior is in agree-
ment with the results of Ref. 45.

The structural characterization of Bi doped Cu2O layers
was also carried out by means of Transmission Electron
Microscopy (TEM), and it was observed that the film shows
a columnar growth. One of the observed columns is pre-
sented in Fig. 3(a), showing that the width becomes larger as
the film grows, as previously observed for Cu2O growth on

FIG. 1. (a) EDS spectra of Cu2O films electrodeposited at !0.375, !0.400,
and !0.425 V vs. SCE. From these spectra was calculated a Bi concentration
of 7 at. % for the three Cu2O samples. (b) Bi 4f XPS spectral characteristic
of all deposited Bi doped Cu2O layers independent of the applied potential.
The peak positions are as expected for Bi3þ ions.

FIG. 2. Glancing angle (x¼ 1.5$) XRD of Bi doped Cu2O films grown
under an applied potential of (a) !0.375, (b) !0.400, and (c) !0.425 V vs.
SCE, and (d) of an undoped Cu2O film electrodeposited at !0.400 V vs.
SCE. No Bi phases are found and a shift in Cu2O XRD peaks is produced by
Bi3þ doping.
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7. Resumen
p XPS es una técnica de sensibilidad 

superficial: 10 nm de profundidad.
p Es una técnica cualitativa

n Presencia de elementos químicos
n Estados de oxidación
n Hibridación
n Entorno Químico

p Es una técnica cuantitativa
n Permite medir con una precisión del 0.5%
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REMINDER

Photoemission provides 
information on:

- Chemical composition
- Chemical state/reaction
- Electronic state

H.-Ch. Mertins / Ch. Jung / M. Mast     
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- Electronic state
- Interfaces/interface reactions
- Quantitative analysis
- Depth profiling
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