Chapter 13

Depth Profiling and Internal Structure
Determination of Low Dimensional
Materials Using X-ray Photoelectron
Spectroscopy

Sumanta Mukherjee, Pralay K. Santra and D.D. Sarma

Abstract Properties of any heterostructured material depend critically on the
specific composition profile of the constituent elements in the sample. X-ray
photoelectron spectroscopy (XPS) is particularly well suited to probe elemental
composition of any system. Tunable photon energies, available from any syn-
chrotron centre, allow one to map out the compositional variation through a sample
in a manner that can be termed non-invasive and non-destructive depth profiling. In
addition, XPS is also able to provide depth resolved electronic structure information
by directly mapping out occupied states at and near the Fermi energy. Recent
developments at various synchrotron centers, providing access up to very high
energy (~ 10 keV) photons with a good resolution and flux, have made it possible
to estimate such compositional and electronic structure depth profiles with a greater
accuracy for a wider range of materials. In this book chapter, we describe in detail
the use of X-ray photoelectron spectroscopy in a selection of heterostructures, in
order to illustrate the power of this technique.
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13.1 Introduction

Tailoring functionalities by constraining dimensionalities of materials, typically
down to the range of a few nanometers, has become a well-developed field over the
last few decades [1-3]. Major technological advancement in diverse fields such as
electronics, robotics, alternative energy sources, catalysis, sensor technology,
aeronautics, medical diagnostics and therapeutics are dependent on the ability to
control material synthesis at such extremely small sizes. Since most material
properties are highly size-sensitive at such small length scales [3-6], there has been
an enormous effort to design and optimize synthesis for a precise control of the size
[4, 7, 8] and shape [9—13] of various materials. Apart from the control of size and
shapes, a large variety of heterostructured nanoparticles [14-24] with diverse
internal structures (or composition profiles) has also been produced to meet specific
requirements for a range of applications. A few examples are coating of silica on
certain functional nanomaterial to make them water soluble [25], a requisite for
medical usage or a coating of high bandgap semiconductor nanomaterial on a low
band gap nanomaterial to obtain better photophysical properties [19, 26]. Core/shell
[5, 14-18, 27-29], homogeneous and heterogeneous alloy [19, 30-32],
core/shell/shell [20, 21, 33, 34], and coupled dots [22, 23] are some more examples
of diversity of internal structures in such heterostructured systems, which are
becoming increasingly popular to improve their specific properties. It is easy to
anticipate that enhanced desirable properties achieved via the synthesis of different
heterostrutures mentioned above must be controlled by the variation of different
constituent elements across the heterostructure. For example, properties of a simple
core-shell material with a sharp boundary between the core and shell materials are
expected to be different from a core-shell material having alloying/mixing across
the core/shell interface. Many a times, the structure of a synthesized nanomaterial is
implicitly assumed to be the one targeted by the specific synthesis strategy, with
evidences being drawn from a variety of indirect techniques, e.g. by monitoring the
changes in position of the photoluminescence (PL) peak in case of a core-shell
nanoparticle system [18]. It has been illustrated [19, 20] in recent times that, such
assumptions are not always valid. On the other hand slight changes in the composition
profile across the interface of the synthesize nanomaterial were shown to markedly
alter certain properties e.g. PL properties and PL intermittency [19, 35-39].
Therefore, it becomes necessary to have a detailed knowledge of the internal structure
of such materials [19, 35-37] in order to, not only understand the origin of extraor-
dinary properties of such nanomaterials with a possibility of complex internal
structures, but also to tailor synthesis for improved targeted properties based on
rational approaches arising from that understanding.

As in the case of nanomaterials discussed above, internal structure in terms of
composition profile of different constituents is also important in various
two-dimensional (2D) multilayered thin film heterojuctions, specifically, where
interface characteristics are important in controlling specific properties. Probably the
most remarkable example of such heterostructures are 2D thin films semiconductor
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heterostructures forming diodes and transistors, which are integral parts of all
electronic devices. Other examples include tunneling magneto-resistance
(TMR) based modern day magnetic devices, where interface play an important
role controlling the coherency of tunneling current in such systems [40-44]. Among
various 2D thin film electronic devices, one of the most exciting and emerging
research fields is the heterostructure of various oxide materials, where a rich variety
of unexpected phenomena has been observed in recent times [45-48]. One such
example is the interface between two insulating nonmagnetic oxides, namely
LaAlOj3; and SrTiO3, which shows properties ranging from high mobility metals to
superconductivity and magnetism [45, 48-50] depending on the specific synthesis
conditions. This underlines once again the need to understand the interfaces of
heterosructures in depth and greater details.

In this book chapter, we discuss an unconventional way of determining the
composition profiles in complex heterogeneous low dimensional materials
(nanoparticles, thin films) using variable kinetic energy X-ray photoelectron
spectroscopy (XPS), which has become an important technique with recent
improvement in various synchrotron centers providing high and widely tunable
photon energies with high fluxes and resolutions [51-61]. This chapter is divided in
three main sections: (a) basic principle and common use of XPS in studying dif-
ferent nanoparticle and thin film systems; (b) principle of variable energy XPS to
determine the internal composition profile of complex nanostructures with a few
examples and understanding different optoelectronic properties from the derived
internal structure; and (c) usefulness of recently developed hard X-ray photoelec-
tron spectroscopy (HAXPES) [51-61] in determining the internal interface structure
of nanoparticles and thin film heterostructures. Finally, we end this book chapter
with a conclusion and future outlook section.

13.2 X-ray Photoelectron Spectroscopy and Early
Applications in Studying Nanoparticles

X-ray photoelectron spectroscopy (XPS), a highly surface sensitive technique, is an
established tool to determine the electronic structure of various materials. Since the
method of photoelectron spectroscopy is directly related to the electronic energy
states of a material, it can give many useful information like charge, valence state,
band structures etc. besides identifying the elemental composition in the sample
volume that it probes. The basic principle of XPS is related to the photoelectric
effect [62]. In this technique, monochromatic photons of known energy are irra-
diated on the sample, leading to absorption of the photon by a bound electron and
causing its emission; this process of ejecting photoelectrons happens for all elec-
tronic energy levels of all elements present in the material with different proba-
bilities, characterized by the corresponding photoemission cross-sections, provided
the photon energy is larger than the binding energy of that level including the work
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function of the material. Let us assume that on absorbing a photon with sufficient
energy, hv, an electron from one of the occupied energy levels, with a binding
energy of BE, is ejected from the system with a kinetic energy of KE. The kinetic
energy of the ejected photoelectron, is related to its BE as shown in (13.1)

KE = hv — (BE+ ¢) (13.1)

where ¢ is the work function of the spectrometer. Therefore, by measuring the KE
of the photoelectron, the BE of the electron prior to the photoionization process can
be determined. The BE of a photoelectron emitted from a specific electronic energy
level of an element in a sample depends on the chemical state of the element in the
given material. Even small changes in the chemical environment can influence the
BE and such changes in the BE of an electronic level arising from the change in
the chemical environment around the specific element is known as chemical shift
[63, 64], which is often characteristic of the valence state or effective charge state of
the element in the given material within a related family of compounds. This
particular way of using chemical shifts to determine chemical states of different
elements in matters has been so extensively used that the technique is often termed
separately as ‘electron spectroscopy for chemical analysis’ (or popularly known as
ESCA) [63, 64]. Sokolowski et al. have discussed the development of ESCA in
Chap. 2 of this book in details.

With a decrease in the size of any material, the surface-to-bulk ratio increases,
enhancing contributions from the surface to every property compared to its bulk
contribution. Thus, a detailed knowledge of surface properties becomes essential to
understand such low dimensional systems. Being one of the most surface sensitive
techniques, XPS has become a very useful tool to characterize electronic structures
of materials of lower dimensionalities. It has been applied very frequently to
qualitatively ascertain the formation [15, 65—67] and the quality of the synthesized
nanoparticles as well as to understand their surface characteristics and compositions
[67-76]. A few illustrative examples of the use of XPS in nanoparticle systems are
discussed below.

In one of the earliest investigations on the effect of a decreasing size on the
metalicity of Pd and Ag nanoclusters, Vijayakrishnan et al. used XPS to show that
decreasing sizes lead to an opening of band gap at the Fermi level below a critical
size of the nanoclusters, evidencing a characteristics of metal-insulator transitions in
such systems [77]. In another XPS study [71] of Pbl, nanoparticles, a huge excess
of T 3d signal was observed compared to Pb 4f, which suggests that iodide ions
plays an important role in stabilizing the Pbl, nanocrystallites in different solvents.
Roy et al. used XPS in conjunction with step-wise argon-ion etching of the surface
of a luminescent porous silicon sample to probe the composition in the surface and
sub-surface region [70]. However, it is to be noted that this approach can only
provide qualitative and often relative information and is not reliable to quantify the
results with a great accuracy due to the preferential etching of certain elements
compared to others. Jasieniak et al. have used different techniques to synthesize
either Cd or Se rich CdSe nanoparticles and the formation of such nanoparticles
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were confirmed from the core level photoelectron spectra of Cd 3d or S 2p [72],
which shows additional features related to the presence of excess Cd or Se at the
surface of such nanocrystal systems. In a similar study on Cd rich CdSe
nanoparticles [76], XPS was used to extract the composition of the surface with
excess Cd, which was shown to be crucial to optimize the PL efficiency of those
nanoparticle systems. XPS has also been used to understand the surface passivation
of nanoparticles by various organic ligands, often used for better stability and good
size distribution of nanoparticles. XPS studies of trioctylphosphine oxide (TOPO)
passivated CdSe nanoparticles of different sizes revealed evidence for the surface
binding of TOPO only to the surface Cd, leaving the surface Se intact; this was
further supported by the observation of preferential oxidation of Se [73]. XPS
chemical shift has often been used to characterize attachment between two different
kinds of nanoparticle systems for example Au with TiO, or MoO5; with TiO, [78,
79], such complex systems being specifically required for applications in catalysis
or in photovoltaic solar cells. In one of the earliest use of synchrotron radiation to
carry out variable energy XPS of semiconductor nanocrystals, Kulkarni et al.
showed the presence of different S species on CdS nanoparticles stabilized with
thioglyecerol as the passivating agent [74, 75]. In the same way, many qualitative
information like formation, surface chemistry, elemental composition, and inter-
facial carrier dynamics under photo irradiation have also been obtained from var-
ious heterostructured nanoparticles systems using XPS.

13.3 Description of the Internal Structure Using XPS

In general, XPS studies including few examples mentioned above, did not involve
any quantitative determination of the internal structure, say of a nanoparticle.
Common characterization techniques, like transmission electron microscopy
(TEM) [28], X-ray diffraction (XRD), photoluminescence emission spectroscopy,
Raman spectroscopy [36, 80, 81] etc. have been used to probe the internal structure,
but these provide only qualitative information about the internal structure. More
advanced techniques such as scanning transmission electron microscopy (STEM)
coupled with either energy dispersive X-ray spectroscopy (EDX) or electron energy
loss spectroscopy (EELS) can provide more quantitative information on the com-
positional variation across interfaces in some specific cases [82]. In certain 2D thin
film heterostructures, high angle annular dark field (HAADF) imaging in TEM can
also provide information on the elemental distribution [49]. In the following sec-
tions, we shall describe a nontraditional use of XPS to quantitatively determine the
internal structure of a variety of heterostructures.

While different nondestructive and quantitative methods [83-92] of determining
internal structures of a number of systems have been developed using XPS over the
last few decades, we shall discuss in greater details one such method [88] that is
versatile, having been applied to a wide variety of systems, discussing more briefly
the other methods wherever relevant.
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The quantitative determination of the internal structure of a heterostructure relies
on the intensity [88, 93-97] of the photoemission signal arising from different
energy levels of all elements present in the sample. In XPS, the photoemission
signal intensity depends on various parameters as discussed in the following. In
order to be detected as a photoemission signal, the photoelectron must travel from
the atomic site of photoabsorption to the analyzer without suffering any inelastic
process according to the energy conservation indicated by (13.1). During this travel
through the material, the photoelectron has a finite probability to interact with the
sample, for example, with other electrons present. These collisions can be elastic,
thus retaining the same KE of the photoelectron and thereby contributing to the
photoelectron spectra. Alternately, these can also be inelastic, which causes a
decrease in the photoelectron KE; such electrons are lost from the main photo-
electron spectra being detected as the background [98, 99] of the photoemission
signal. These processes are schematically shown in Fig. 13.1a. The probability of
the inelastic scattering, can be defined in terms of the average distance, 1, between
two inelastic collisions for the same photoelectron, thus defining a mean free path of
the photoelectron. The probability of a photoelectron coming out from the sample
without any inelastic scattering follows an exponential dependence on the depth at
which the original photoabsorption process takes place, and with that the differ-
ential photoemission signal intensity, dI,, originating from a volume of ‘dyv’ at a
depth 7' from the surface can be expressed as [88, 93-96]

1 —7
dl; = Iyexp (7) dv = Iy exp (2 con oc) dv (13.2)

where, ‘I’ is the path length of the photoelectron to travel to the surface of the
material from the originating point in the direction of the electron analyzer and a is

Fig. 13.1 a Schematic illustration showing the increasing probability of collision of photoelec-
trons with increasing depth of their generation, thereby, decreasing their escaping probability
exponentially. The average length scale, 4, represents the mean free path of the photoelectrons.
b and ¢ Photoelectrons generated from a volume element ‘dv’ present at different depth, z" and 2"
from the surface of the material show different intensities in the photoemission signal, with the
intensity dropping off exponentially with z. Adapted from [88]
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the angle between the electron detection and surface normal; I is the proportion-
ality constant dependent on various factors, such as the photon flux (P), trans-
mission function of the spectrometer, and the photoemission cross-section (o) or the
photoionization probability for the atomic level in question (Fig. 13.1b). It is clear
from the above equation that the differential contribution dI to the total intensity I of
a particular electronic energy level (core level) decreases exponentially with an
increase in z, and consequently, ~95 % of the total photoemission signal comes
from the surface region of 34 thickness if the angle of detection (a) is considered to
be zero. The remaining 5 % originates from the region deeper into the sample.
While this immediately explains the surface sensitive nature of the XPS technique
(4 being in the range of few nm), it is interesting to note here that increasing the
angle of detection with respect to the surface normal makes it even more surface
sensitive, since the photoelectron then needs to escape more tangential to the sur-
face, therefore, requiring a longer path length (/) within the material for the same
depth 7' as shown in Fig. 13.1b. For example, for o = 45°, a 31 thick surface region
contributes as much as 98.5 % of the total signal. It is also clear from (13.2) that the
surface vs bulk sensitivity of this technique can also be controlled by systematically
changing the mean free path A of the photoelectron, as can indeed be done by
changing the photon energy, hv; we shall discuss this aspect in the next section of
this chapter. The total intensity, I, of the photoelectron signal of a particular core
level at a given photon energy, Av, including all parameters can be obtained by
integrating (13.2) over the entire volume and expressing Iy in terms of its com-
ponent parameters, as given below

Z
—_— 13.
A(KE) cos oc) dxdy dz (13.3)

I(hv) o K - P(hv) - T(KE)a(hv) / N(x,y,2) exp<

where the prefactor K takes care of the geometry of the measurements (such as the
angular acceptance of the analyzer), P is the flux of the incident photon beam and
T is the transmission function of the analyzer. The parameters K, P and T are
characteristics of the instrument and measurement conditions, the sample specific
information is coded in the parameter N(x, y,z), the number density of the specific
element distributed in the sample, in addition to the parameter a(hv), representing
the hv-dependent photoionization cross-section of the specific core level of the
element in question. It is obvious that the distribution, N(x,y,z), of all elements
define the internal structure of any given sample. Therefore, the problem of
determining the internal structure reduces to extracting N(x,y,z) from the pho-
toemission signal. Since photoemission signals are sensitive to the chemical state of
the element probed, variable energy XPS not only can provide the internal structure
in terms of mapping the elemental distribution, it can also provide information on
the chemical state of the element with spatial resolution, as will be discussed in the
following sections.
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13.4 Inelastic Mean Free Path, 4, of Photoelectrons

As mentioned earlier, the mean free path, 4, of the photoelectron is the average
distance between two inelastic collisions and it depends on the KE of the photo-
electron. The dependency of 4 with KE can be given approximately by Wagner,
Davis and Riggs equation [100] as

A=~ m (KE)" (13.4)

when KE is expressed in electronvolt (eV) and 4 in angstroms (A). This purely
empirical equation with (m = 0.5 and n = 0.5) is found to be reasonably valid for a
wide range of KE above ~ 150 eV in the soft X-ray region (<1000 eV). While for
very high KE regions (>2000 eV) the values for m and n are found to be ~0.11
and ~0.75 [100-102]. There are several other ways to calculate the mean free path
of the photoelectron, for example using TPP and TPP-2 formula [100, 103, 104];
these have been discussed in Chap. 5 by Powell and Tanuma. For a specific core
level of an element in a given sample, it is easy to change the KE of the photo-
electron by changing the incident hv according to (13.1); this implies that A(hv)
varies approximately as (hv — BE)" and therefore, can be tuned by suitable choice of
hv. With recent advancement on the synchrotron sources, it is possible to tune the
photon energy almost continuously over a wide range, thereby achieving a con-
tinuous tuning of the KE and 4 of any photoelectron originating from any specific
core level. In the early days of photoelectron spectroscopy, 4 values typically
ranged from 0.5 to 2 nm (34,4, ~ 6 nm) depending on the BE of the core level with
the use of laboratory sources like Al Ka (1486.6 eV) and Mg Ka (1253.4 eV);
presently, with the advent of sophisticated synchrotron facilities, the possibility of
continuously varying A using such variable photon energy source forms the main
basis of mapping out the chemical compositions, defined by N(x,y,z) of all the
elements, at various depths within the sample, thereby enabling characterization of
the internal structure of a large number of systems. We have pointed out earlier that
it is possible to change the effective mean free path (4 * cosa) by varying the
detection angle, o, keeping 4v (and consequently, A) at a fixed value. This method
of internal elemental composition mapping by varying the detection angle has often
been used for internal structure determination of thin films [90, 91, 105]. While
such method has inherent limitations [91, 102] and suitable only when the 2D film
thickness to be estimated is considerably smaller than the 4 of the photoelectrons
[90, 102], the alternate method [88, 102] of using variable hv is robust and
applicable to a wide variety of geometry, for example for spherically shaped
nanoparticle systems where the method based on variation of detection angle, a
would be ineffective.
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13.5 Intensity Variation of Different Core Levels/Elements
with photon energy, hv, in Heterostructures

The idea to probe a sample at different depths using variable energy XPS has been
explained [88] in this section with the help of schematic Fig. 13.1. Let us consider
the absorption of a photon with sufficient energy of hv at a depth of z' from the
sample surface, thereby causing emission of a photoelectron that is detected with an
intensity of dI at an angle of o from the surface normal, as shown in Fig. 13.1b.
With no loss in generality, let us consider that another photon with same energy hv,
causes a photoelectron from another atom of the same element and core level to
originate at a depth of z” and detected with an intensity of dI,~ at the same angle of o
from the surface normal as shown in Fig. 13.1c. From (13.2), the intensity ratio of
the two photoelectrons originating at two different depths can be expressed as

dly =7
~(hv) = —_—— 13.
dry () = exp (i(hv) cos oc) (13.5)

As 7" > 7/, the intensity contribution from the deeper volume element at z”, will
be lower compared to that from 7z’ (dl,» < dI,/). The above equation also shows that
an increase in 1 by increasing hv will lead to a systematic decrease in the intensity

ratio % (hv), due to an increase in the relative contribution from the deeper region

of the sample compared to regions that are closer to the surface. Now, instead of
one element if the sample is made of two different elements A and B and the two
volume elements at two different depths, z’' and z” contains the elements A and B,
respectively, then in terms of total intensity contribution to the photoemission
signals from some core levels (13.3) of the two elements, the intensity ratio can be
written as

Dy = T ) 8 gy 2 A2 0 (s v v

Iy Ts ™o [ N,y ) exp (epfanss) de dv dz

(13.6)

The immediate benefit of taking intensity ratio is that the contributions of
uncertain instrumental factors, (e.g. K, P), mentioned earlier in (13.3), are not
required to be considered any more, the expression for the intensity ratio being
independent of those factors. The remaining parameters, namely the transmission
functions 7”s and cross-sections, ¢’s in (13.6) can be estimated as a function of v
[106-108], leaving only the number densities N4(x,y,z) and Np(x,y,z) as the
unknown variables. It is clear from (13.6) that, for different heterostructures,
characterized by different number density profile of the constituent elements, the
variation of intensity ratio I4/Ig as a function of Av will be different, and by mea-
suring I4/Iz at many different Av, it is possible to determine the number densities,
defining the internal structure of a given heterostructure. This is further illustrated in
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Structure Core level spectra

hv, < hv, <hvy Element B Element A

hv;

hv;
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Binding Energy (eV)
Homogeneousalloy (1:1)

hv, < hv, < hv, Element B Element A

37

312 hv,

34

|
Intensity (a.u.)

Heterogeneousalloy

Fig. 13.2 Schematic illustration of spectral dependence on photon energy for two systems having
different internal structures. One system is chosen to represent a homogeneous alloy of two
elements (say A, indicated in blue color and B, indicated in red color), while the other one has a
graded alloy structure with the core rich in B and the surface in A. The graphs on the right side
show schematically changes in the relative intensities with increasing photon energy. Horizontal
slices from the top represents changing mean escape depth, A, with a changing photon energy
where hvy <hv, <hvs, giving rise to A <A, </3. Adapted from [88]

the Fig. 13.2, where we have considered two hypothetical materials with flat sur-
faces consisting of two elements A (indicated by blue) and B (indicated by red). For
the sake of simplicity, let us consider that the photoemission cross-sections of the
specific core levels of these two elements g4 and g are equal and also the KE of the
emitted photoelectrons have similar values and, therefore, Ty = Tz and Ay = A =
in (13.6). In the first scenario, we consider our hypothetical material to be a
homogenous alloy of elements A and B, implying that these elements are dis-
tributed uniformly within the material, as shown in the upper left schematics. The
other hypothetical material also consists of elements A and B, but they form a
gradient alloy structure with only element A on the surface and only element B at a
certain depth with the composition changing uniformly in-between. With a low
photon energy of hvy, the primary contribution to the photoemission signal will
come from a thin slice of the sample, as shown in the Fig. 13.2, with the slice
thickness governed by the mean free path, A, of the photoelectron with the photon
energy of hv;. In case of the homogenous alloy, the intensity ratio of core levels of
A and B, I,/Iz will be independent of hv, as can be seen from (13.6) with
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Na(x,y,z)/Ng(x,y,7) being a constant dependent only on the composition of the
homogeneous alloy, but independent of x, y, and z over the entire volume of the
sample.

However, the same intensity ratio will be critically dependent on /v in case of
the graded alloy sample with N4(x,y,z)/Ng(x,y,z) being dependent on z; clearly
for a small 4y, the thin slice probed in the experiment contains a dominant con-
tribution of A as illustrated in Fig. 13.2 for the graded alloy structure with the blue
color representing the element A. Thus, the photoemission signal will be largely
dominated by the contribution of A with a smaller contribution from B with the
lowest photon energy of hv,. With a progressive increase in the photon energy
(hvs > hvy > hvy), the mean free path of the photoelectrons will also increase
(43 > 22 > /1). The intensity ratio I4/Ig will not change with photon energy for the
homogeneous alloy, as shown in upper right schematic spectral distribution.
However, the relative intensity ratio I,/Ip will increase with increasing photon
energy for the gradient alloy (lower right schematic graph). From this illustrative
example, it is clear that the variation in signal intensity ratio of different elements
obtained at different v will provide information of the internal structure of the
materials with dimensions comparable to the mean free path (1) of the photoelec-
trons. It is important to note here that a heterostructure does not necessarily need
two different elements, it can be made of different spatial distribution of two dif-
ferent chemical states (A and A') (for example different valence states), charac-
terized by a slightly different BE (chemical shift) of the same core level spectra, of
one element (A). In such situations (13.6) will have the following form

Iy fv NA(X,y, Z) €Xp (m) dx dy dz

— (hy) =
IA/ fv NA’ (X,y, Z) exXp (W) dx dy dZ

(13.7)

and can be used the same way for internal structure determination. We shall provide
examples of each of the situations described above in the following sections.

At this stage we provide a real illustrative example, to show the sensitivity of this
approach in delineating complex nanostructures with additional information coming
from the phenomenon of chemical shift that was alluded to earlier in this chapter.
We adopt results from [109] and a sequence of photoemission signals from PbSe
nanocrystals passivated with TOPO in Fig. 13.3 for a series of photon energy. The
two peaks apparently at 130 and 132.8 eV binding energies are both associated with
P 2p core level from TOPO. It is clear from the spectra, the P related intensities are
dominant in the extremely surface sensitive limit of low photon energies, estab-
lishing P to be present predominantly at the surface of the sample. This is consistent
with TOPO being a superficial capping agent for these nanocrystals. Interestingly,
the chemically shifted two P 2p core level signals appearing at 130 and 132.8 eV
show different dependencies on the photon energy; specifically, the peak with the
lower BE of 130 eV clearly corresponds to a more surface species compared to the
features at the higher BE of 132.8 eV. This fact, together with the observed
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chemical shift, allows to assign the low BE feature to a physisorbed TOPO layer on
top of the chemically bounded TOPO layer on the PbSe nanocrystal acting as the
passivating agent. A careful analysis revealed [109] that the Pb 4f is also composed
of two species of Pb with the one at lower BE being associate with the Pb near the
nanocrystal surface and the other being located deeper into the volume of the
nanocrystal. While this example makes clear the strength of this technique based on
photoemission experiments with a variable energy source in providing unique
insights in the internal structures of nanomaterials at a qualitative level, detailed
examples are provided in the following section to illustrate how one may also
extract quantitative information providing an accurate and detailed description of
complex structures from such experiments.

13.6 Quantitative Determination of the Internal Structure

In the early days, XPS intensity ratios were extensively used to characterize as well
as to estimate the thickness of various oxides formed on top of metallic samples
[93, 94, 97, 110-113]. It was shown in [93] that with an increasing thickness of
WO; layer deposited on top of metallic W the relative contribution to the W 4f XPS
signal from the metallic W layer decreases with respect to WO5 signal. While it was
already suggested at that time that this relative change in the intensity ratio can be
used to estimate the thickness of the top WOs layer; similar ideas were proposed
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and pursued [110, 112, 113] to monitor quantitatively the progression of the oxi-
dation process of various metals on increasing exposure to oxygen. Combining the
concept of chemical shift, it was even possible to identify various species of oxides
of Zr and follow their quantitative growth as a function of oxygen exposure in
studies of oxidation of Zr and its alloys [94, 97]. Later this method of thickness
estimation from the relative intensity ratios of photoemission signals was effectively
implemented to determine the internal structure of various nanoparticles.

Nanda et al. [95] applied this method for a quantitative determination of the
composition and the internal structure of different sized spherical CdS nanoparticles
[95] capped with 1-thioglycerol. They investigated the internal structure using two
different photon energy sources, namely, Al Ko (1486.6 eV) and Mg Ka
(1253.4 eV). Both S 2s and 2p spectral features were found to be complex and
could not be attributed to a single S species. Careful spectral decompositions of
both S 2p and S 2s spectra showed evidence for three distinctive features suggesting
three different S species present in the CdS nanoparticles. For example, three dif-
ferent S 2ps/, peaks were found to be at about 161.8, 162.9 and 163.9 eV binding
energies, representing three chemically shifted signals. These three S components
were attributed to S in the bulk of the CdS nanoparticle, S at the surface layer of
CdS and the S present in the thiol group of the capping agent, 1-thioglycerol,
respectively. While the S species in the thiol group with a very different chemical
environment is indeed expected to give rise to a strong chemical shift compared to S
species in the nanoparticle as observed, the shift in the S 2p core levels from the S
atoms at the surface of the nanoparticle compared to those in the bulk is known as
the surface chemical shift. The surface nature of that specific S component was
further confirmed by studying two different sizes of CdS nanoparticles synthesized
in the same way. It was found that the second component of S species attributed to
the surface layer had a higher contribution relative to the first component assigned
to the bulk for the smaller nanoparticle, as should indeed be expected on the basis of
an increasing surface to bulk ratio with a decrease in the size. Yet another validation
of this interpretation was provide by the use of Mg Ka (1253.4 eV) as the photon
source to carry out XPS with a slightly smaller photon energy on the same
nanoparticles. The results with Mg Ka (1253.4 eV) again exhibited the same three
components of S species, however, with an increased contribution of both second
(surface) and third (thiol) components, relative to the first one. This is a conse-
quence of the lower photon energy of Mg Ka (1253.4 V) source compared to Al
Ka (1484.6 eV) one, leading to a lower A and consequently a higher surface
sensitivity with Mg Ka (1253.4 eV) radiation. The internal structure of the CdS
nanoparticles was modeled as a core/shell/shell structure with a CdS core, a surface
CdS layer and finally, the capping layer of 1 thioglycerol as shown schematically in
Fig. 13.4 with radii of ry, r; and r,, respectively, yielding the detailed structure of
these nanoparticles. They modify and express (13.7) in a spherical polar coordinate
to estimate the intensity ratios between different S components mentioned above.
The exact values of the radii were calculated by varying these radii parametrically
to simulate the experimentally obtained signal intensity ratio of three different
components S 2p at different photon energies. In a different study [96] to determine
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Fig. 13.4 Schematic model of CdS nanoparticles as derived from XPS analysis showing a CdS
core region till ry, followed by a thin shell of surface CdS layer of thickness (r; — ry). Surface S
atoms exhibit a different core level binding energy due to what is known as surface core level shift.
Finally, there is a protective layer of capping agent (thiol) of thickness (r» —r;) on the
top. Adapted from [95]

the internal structure of ZnS nanoparticles passivated with 1-thioglycerol, XPS at
various photon energies suggested the internal structure of these ZnS nanoparticles
being similar to the internal structure of the above-mentioned CdS nanoparticles.
The generality of this approach was demonstrated by Sapra et al. [109] who used
variable energy XPS to determine the internal structure of luminescent PbSe
nanopartcles as well as of nanorods by modifying (13.7) and expressing it in
cylindrical polar coordinates. The variable energy XPS study [109] on different
sized PbSe nanoparticles (Fig. 13.3) have suggested formation of Pb deficient Pb,
—Se layer on the surface of these nanoparticles. The thickness of this Pb deficient
layer was found to be smaller for smaller sized nanoparticles. As the Pb deficient
layer leads to the formation of trap states, which decreases the photoluminescence
efficiency, they were able to explain the optoelectronic properties of the studied
PbSe nanoparticles on the basis of internal structure and surface properties [109].
This later example illustrates the usefulness of the aforementioned variable energy
XPS technique in correlating properties of lower dimensional materials with their
internal structures.

Similar analyses can also be performed on nanoparticles with complex
heterostructures with complicated variations in the composition. Unlike in the
examples cited above, more complicated multicomponent structures require mon-
itoring photoelectron signals of more than one element to accurately profile the
composition through the nanoparticle, as has been discussed in previous sections. In
recent times, there has been many reports [19, 20, 33, 114-116] using high quality
and continuously tunable synchrotron photon sources on complex nanostructures.
For example, Santra et al. [20] determined the internal structure of a targeted
core/shell/shell ZnS/CdSe/ZnS quantum dot—quantum well (QDQW) structure.
They analyzed the intensity ratio of S 2p and Se 3p core level spectra collected at
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Fig. 13.5 High-resolution photoemission spectra of the S 2p and Se 3p core levels at various
energies. At each energy, the experimental data are shown by the black circles and the total fit by
the red line. The independent component functions, S 2p and Se 3p are shown as blue and olive
dotted lines, respectively. The inset shows the S 2p/Se 3p intensity ratios obtained with (red
circles) and without (black square) consideration of the photoemission cross-section (the lines are
guides to the eye). Adapted from [20]

three different energies. These two core levels were specifically chosen in view of
the fact that binding energies of S 2p,,, and 2p;,; are very close to those of Se 3p,»
and 3p3/», as shown in Fig. 13.5. Having the similar binding energies, the KE of the
S 2p and Se 3p photoelectrons are also similar, which allows recording of both the
S 2p and Se 3p core levels simultaneously at any given Av. In view of very similar
KE for both peaks at a given hv, it is reasonable to assume that K, P and T,
mentioned in (13.3), are same for both S 2p and Se 3p core level at a given Av, and
are exactly cancelled in the intensity ratio between S 2p and Se 3p core level
spectra. The inset to Fig. 13.5 shows the experimental intensity ratio obtained by
the decomposition of the recorded spectra in terms of S 2p and Se 3p contributions,
as shown in the main frame by dotted lines. Equation (13.8) can be derived from
(13.6), in a spherical polar coordinate for the intensity ratio of S 2p and Se 3p as:

I_S_ fvdls _ 0Os fo fo 0 NS eXp(—@) r sm(@) dfdo dr
Ise  [,dlse Tse [ 7 [ Ny (r exp(—ﬂrf))) r2sin(0) dO do dr

(13.8)
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Fig. 13.6 Schematic representation of the variation of the chemical composition for the best fitted
structure, which has three main layers: a gradient alloy in the core (0 <r <r;) followed by a thick
shell of CdSe (r; <r<r,) and a thinner shell of ZnS (r, <r<r;). Adapted from [20]

where, R is the total radius of the nanoparticle, mean free paths (4s and 4s,) of S 2p
and Se 3p photoelectrons with almost the same KFE for any given hv are essentially
the same and therefore, has been replaced with 1 (= Ag = Ag.) in (13.8). The

quantity £(r, 0) is given by f(r,0) = (R? — r2Sin0)""*—r Cos0. Equation (13.8),
shows that the experimental intensity ratio obtained from the decomposition, after a
suitable correction for the respective cross-sections, namely (Is/os)/(Is./0se), is
dependent on the elemental composition profile for S and Se, as expressed by
Ns(r) and Ng,(r). Quantitative analyses of the photoemission data reveal that S and
Se number densities for these QDQW nanoparticles varied as shown in Fig. 13.6,
exhibiting the core region to be a graded alloy of ZnS and CdSe rather than pure
ZnS as targeted. The solution based reaction to place a shell of CdSe on preformed
ZnS nanocrystals is found to cause diffusion of Se ions towards the center of the
nanoparticle, leading to the formation of such a gradient core. However, the
outermost ZnS layer was found to form a sharp interface on top of the outer CdSe.
The radius, r3, obtained from the analysis which corresponds to the total size of the
nanoparticle was found to be in good agreement with results from TEM mea-
surements. Also the chemical composition based on the model in Fig. 13.6 and
extracted values of r,r, and r3, was found to be consistent with results from
Inductively coupled plasma atomic emission spectroscopy (ICP-AES), thereby
validating the photoemission analysis and estimates of r; and r, that would not be
possible to obtain by any other technique.

In another interesting work to understand the extraordinarily high photolumi-
nescence behavior of ternary CdSeS nanoparticles, the internal structure of these
samples were determined [19] by analyzing the relative intensity variation of S 2p
and Se 3p core levels at different photon energies in much the same way as in the
previous example of QDQW. With additional information about the total size
obtained from TEM and chemical composition from ICP-AES, internal structures
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of such highly luminescent CdSeS nanoparticles were invariably found to consist of
a gradient alloy structure of CdSe,S,—, where x varies from O near the center of the
nanoparticle to 1 near the surface of the nanoparticle. Depending upon the con-
centration ratio of S and Se used during the synthesis, the radius of the gradient core
could be tuned to provide PL emission of different wavelengths spanning the visible
spectrum. It was pointed out [19] that such a graded structure avoids any interface
defect formation that tends to be present in systems with a sharp interface in
core-shell structure due to the lattice mismatch. The absence of such interfacial
defects in gradient structured CdSeS allows these nanoparticles to have a quantum
yield as high as 80 %.

13.7 Hard X-ray Photoemission Spectroscopy (HAXPES)

While X-rays of very high energies, for example Cu Ka, have been used in pho-
toemission experiments at very early days, the usage was limited due to the poor
resolutions at that time [60]. The advancement in the third generation synchrotron
radiation sources in recent times allows sufficiently high photon flux (P) with
photon energies as high as 12 keV to carry out photoemission experiments with a
good energy resolution. Therefore, it is now possible to tune the mean free path (L)
of the photoelectron up to ~ 10 nm. Such large mean free paths of the photo-
electrons have opened up the possibility [51-61] of probing much greater depths
and much larger nanocrystals that would have been otherwise impossible to probe
with more conventional XPS.

Recently, Mukherjee et al. [117] employed such high energy XPS with Av up to
4 keV in combination with surface sensitive lower energy XPS (hv = 475 eV) to
elucidate the internal structure of inverted core-shell CdS-CdSe nanoparticles with
an average diameter of 6 nm. Standard lab source (e.g. Al K a (1486.6 eV)) can
generate photoelectrons with a mean free path of ~2 nm which is smaller than the
size of these nanoparticles and therefore can give only restricted information.
Instead, they [117] used a wide range of photon energies between 475 eV (thereby
emphasizing the surface components) and 4000 eV (making the probe bulk sen-
sitive) to study the core level intensity variation of overlapping S 2p and Se 3p
spectra as shown in Fig. 13.7a. The benefit of using overlapping S 2p and Se 3p
spectra has already been presented in the previous section of this book chapter. At
lower photon energies, a distinct peak at 161.2 eV with a shoulder at 162.3 eV is
dominant in the spectra. These binding energies correspond to 2pz,» and 2p»
spin-orbit split 2p core levels of sulfur. There are also two low intensity peaks at
159.8 and 165.6 eV which correspond to Se 3p3,, and Se 3p,,, spectra with a spin
orbit splitting of 5.8 eV. Interestingly, with an increase in hv, the Se 3p signal
intensity increases significantly relative to the S 2p signal. This is most clearly
evident when we follow the growth of the Se 3p,,, spectral feature at 159.8 eV BE
with changing hv; the corresponding enhancement of the Se 3p;,, peak is less clear,
as a worsening resolution with the increasing #v makes it difficult to visually judge
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Fig. 13.7 a Photoelectron spectra of S 2p and Se 3p core levels collected at various photon
energies from an inverted CdS/CdSe core—shell sample. b—e Decomposition of the experimental
spectra (empty black circles) to different components, namely, the surface of Se 3p (olive), S 2p
(blue), and Se 3p (s) (magenta). Red solid lines are the resulting fits, while the orange dashed lines
are the residues. (Adapted from [117])

the contribution of Se 3p3,, separate from those of S 2p3, and S 2p,,, within the
broadened main group around 160 eV BE (see Fig. 13.7a). However, it is easy to
decompose each of the spectra in Fig. 13.7a in terms of contributions arising from S
2psp, S 2p1s, Se 3psjp and Se 3py,, components as illustrated in Fig. 13.7b—e for a
few selected photon energies [117]. Such spectral decompositions allow one to
determine quantitatively the relative contributions of S and Se core levels in the
overall spectra at different photon energies (Fig. 13.7a). Thus determined intensity
ratio of the contributions from Se 3p and S 2p core level spectra is shown as a
function of the photon energies in Fig. 13.8a by the solid blue squares, referred to
the right axis, clearly showing the rapidly increasing Se 3p intensity relative to S 2p
with an increasing hv. At this stage, it is important to note that the variation in the
spectral intensities cannot be directly related to the variation in Ng(r) and
Ns.(r) within the probing depth of the technique [see (13.8)], because the pho-
toemission cross-section, o, itself changes rapidly with hv and its dependence on hv
is both element and core level specific. Therefore, we need to normalize the raw
intensity ratio with the ratio of the photoemission cross-sections of Se 3p and S 2p
levels for each of the photon energies [see (13.8)]. The corresponding cross-section
corrected intensity ratios of Se 3p and S 2p are shown as a function of hv in
Fig. 13.8a with filled circles, referred to the left axis. Clearly, the corrections arising
from the changing ¢ qualitatively alter the trend of the intensity ratio as a function
of the hv from an increasing to a decreasing function underlining the crucial
importance of accounting for changes in a(hv) even for a qualitative understanding
of chemical composition as a function of the probing depth in any given material.
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Fig. 13.8 a Variation of the experimental (blue squares joined by a blue line) and o corrected
(filled circles) relative intensity of Se 3p to S 2p at different photon energies. The error bars
represent the errors in the intensity ratios estimated from the errors in the decomposition of the
experimental photoelectron spectra. The region shaded in green shows the region over which the
fitting of the experimental intensity ratio was performed, and the red solid line shows the best
fitting. b Modeled structure, which gives the best agreement with the experimentally obtained
results from XPS, TEM, and ICP-AES. ¢ Variation of the number density of S (dark yellow) and
Se (orange) as a function of the radius of the nanoparticles for the best fit structure. (Adapted from
[117])

In the specific example of CdS/CdSe core-shell sample, the o(hv) corrected inten-
sity ratio Ise/Is decreases with increase in hv (solid circles in Fig. 13.8a) qualita-
tively suggesting that the Se is relatively more abundant on the outer regions of the
nanoparticle and S is present deeper towards the core, as targeted in the synthesis
[117].

It is possible to obtain a quantitative description of the internal structure of these
CdS/CdSe inverted core/shell nanoparticles by determining Ng(r) and Ng.(r) that
would be consistent with the experimentally observed dependence of Is./Is on hv,
shown in Fig. 13.8a. By proper modeling of Ng(r) and Ng.(r) to simulate the
experimentally obtained Is./Is using (13.8), the quantitative structure was found
[117] to have a core consisting of pure CdS followed by a gradient alloy of CdS and
CdSe as shown as a schematic in Fig. 13.8b, ¢ shows the variation of Ng(r) and
Ng,(r) as a function of, r, the radial distance from the center of the nanoparticle to the
surface. The calculated intensity variation for this particular structure is shown by
the solid red line in Fig. 13.8a, which matches very well with the a(hv) corrected
experimental intensity variation shown by the filled circles. The total size obtained
from TEM and the overall chemical composition determined independently from
ICP-AES match well with the quantitative model obtained from the analysis of the
XPS data, firmly establishing the efficacy of using variable photon energy up to hard
X-ray to determine the internal structure of such large sized nanoparticles [117].
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13.8 Heterostructure Determination of Thin Films

Heterostructure determination by variable energy XPS can be easily extended to any
structure with a spatial homogeneity along the x and y directions, representing a
two-dimensionally homogeneous system and any arbitrary variation along the z
direction; in other words, the number density function N(x, y, z) appearing in (13.3)
or in (13.6) can be replaced by N(z), which is only a function of z. The depth into the
material that can be probed and N(z) determined in such a heterostructure in natu-
rally limited by the mean free path, A, of the photoelectron, indicating the obvious
merit of employing hard X-ray photoemission spectroscopy in such cases.
A beautiful demonstration [118] of this powerful technique with hard X-ray sources
has been realized recently in determining the position of the two dimensional
electron gas (2DEG) formed at the interface of two insulating oxides LaAlO;
(LAO) and SrTiO; (STO). In the original discovery of this phenomenon [48], it was
proposed that the polar discontinuity present across the StrTiO;—LaAlO; interface
results in a diverging potential with a growing thickness of LAO, leading to electron
transfers from the top LaAlO; layer to the interface SrTiO; layer at a critical
thickness of LAO [45, 90], leading to the observed 2DEG carriers at the interface.
In order to demonstrate the efficacy of HAXPES in probing quantitatively the
internal structure of such heterostructured oxide materials [52, 57, 59, 90, 118-
121], we describe in some details results obtained in [118]. We show the variation
in the La 3d/Sr 3d intensity ratio (I ./Is;) corrected for the photoemission
cross-section as a function of the photon energy in Fig. 13.9a for two samples,
denoted as 6H and 6L. Here the number 6 corresponds to the targeted number of
LAO unit cells (uc) grown on top of STO and H and L denote high and low oxygen
partial pressure (pO,), respectively, at the time of the growth of the STO and LAO
layers. The 6H sample, grown at 10~* Torr pO, is known to have a very low
concentration of doped electrons [118], thereby serving the purpose of a reference
sample; on the contrary, the 6L sample grown at 10~ Torr pO, is known to be
highly conducting with a large concentration of doped electrons [118]. The
decreasing o(hv) corrected I ,/Is, with an increasing Av in Fig. 13.9a in conjunction
with the experimental geometry defined in the inset implies LAO is indeed the
over-layer and a systematic increase in hv makes increasing depth into STO to
become visible to the HAXPES technique, thereby increasing the Sr 3d intensity
and decreasing I ,/Is,. Knowing that there are 6 layers of LAO on top of STO, the
experimental geometry allows one to calculate the expected variation in the a(hv)
corrected I ,/Is, as a function of Av using (13.6). This calculated curve is shown in
Fig. 13.9a as green shade, with the width of the band arising from estimated errors
in calculating the intensity ratio due to uncertainties in o, thickness of the LAO
layer etc. Evidently, the calculated dependence and the experimentally obtained
values are in excellent agreement, validating the approach and the data analysis.
Electrons doped in SrTiOj; is necessarily accommodated in the Ti 3d conduction
band of SrTiOs, thereby showing up as a Ti** spectral signature in contrast to Ti**
spectral feature of undoped SrTiOs. Since the Ti** spectral features, with a lower
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Fig. 13.9 a Experimentally obtained intensity ratio between La 3d and Sr 3d core levels spectra as
a function of hv for 6H and 6L samples are shown as triangles and diamonds respectively.
The blue bars represent typical errors in the estimation of the intensity ratio. Simulation of the
experimentally obtained intensity ratio between La 3d and Sr 3d of 6 uc samples to obtain the
thickness of the top LAO layer is shown as green shade. b High resolution X-ray photoelectron
spectra of Ti 2p core levels collected from the high pO, grown (6H) and low pO, grown (6L)
samples with v = 3500 eV. The inset of Fig. 13.9b shows the decomposition of the Ti 2p spectra
collected from 6L sample at hv = 3500 eV to obtain the intensity of the Ti** and Ti** components.
(Adapted from [118])

BE than those of Ti** are distinctly observed in Ti 2p spectra, it can be used to map
the spatial distribution of doped carriers in the sample. Ti 2p core level spectra
collected from 6L and 6H LAO-STO samples with #v = 3500 eV are shown in the
main frame of Fig. 13.9b. The presence of Ti** feature at the lower BE side of
the main Ti** peak only for the 6L sample with a charge carrier concentration
~10"7 em™ (obtained from Hall measurements [118]) is clearly visible in com-
parison to the spectrum from the 6H reference sample. The inset to Fig. 13.9b
shows the decomposition of the Ti 2p spectrum from the 6L sample in terms of its
Ti** and Ti** contributions, allowing a quantitative estimate of Ti>*/Ti*" intensity
ratio I+ /Iy+ observed at different Av. One may at once anticipate that a sys-
tematic increase of v will allow us to explore how I+ /I#+ changes as we probe
increasingly deeper into the heterostructure, thereby allowing us to map out how Ti’
*, or in other words the doped electron in SrTiOj; is distributed as a function of the
depth from the LAO-STO interface. It is interesting to note here that this intensity
ratio, involving the same core level (2p) of the same element (Ti), does not require
any correction from changes in the cross-sections with /v, as this quantity varies
exactly the same way for Ti** and Ti**, and therefore, cancelling each other and
consequently, reducing the uncertainty in the analysis [see (13.7)]. The absolute
variation of Irp+ /Igu+ for the 6L sample with zv is shown in Fig. 13.10a. The
gentle decrease in Iy~ /Ipp+ qualitatively suggests the presence of Ti** closer to
the surface. When an attempt is made to describe the doped electron distribution as
a single function at the interface, such as a Gaussian, Lorentzian or a rectangular
function, with any arbitrary width, the best description obtained for I3+ /Ip+ as a
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Fig. 13.10 a Intensity ratio (red squares) between Ti°" and Ti** obtained from the decomposition
of Ti 2p photoelectron spectra obtained from 6L samples at various photon energies. The errors in
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that gives the best fitting to the experimentally obtained intensity ratios, are shown in Fig. 13.10b
for 6L sample. The color code grey and light pink represents the LAO and STO layers,
respectively, as obtained from the simulation of I ,/Is, intensity ratio. (Adapted from [118]) (Color
figure online)

function of hv is shown in Fig. 13.10a as the blue dotted line [118]. Clearly such a
single distribution of the electron gas is grossly inadequate to describe the exper-
imental data that exhibit a much weaker dependency on hv. Interestingly, the
experimental data can be very well described when we assume two separate elec-
tron distributions (bimodal distribution), as shown by the good agreement between
the calculated behavior (shown by the solid lines) and experimental data (filled
diamonds). The corresponding bimodal charge carrier distribution within the
sample is shown in Fig. 13.10b. This figure shows that a charge carrier distribution
is tied to the interface with approximately 2 x 10'* cm ™2 density, whereas the other
charge carrier distribution appears to be an almost homogeneous bulk doping of
STO with about 0.05 electrons per unit cell. Evidently, there is no other technique
that can provide such critical and detailed information on these unusual systems
with extraordinary properties.

The variable high-energy photoemission spectroscopic measurements have
recently been used [122—125] to understand the interface structure of a magnetic
tunnel junction (MTJ) consisting of thin CoFeB (CFB) layers as ferromagnetic
electrodes and MgO as the insulating layer in-between. In the following, we
describe results from [125] to underline the ability of HAXPES to provide quan-
titative description of internal structures even in such complex, multicomponent
systems. The overall structure of the two MT]J investigated consists of the stacking
as Si(substrate)/Ta(5)/Ru(10)/Ta(5)/Co,gFesoB2o(5)/MgO(2) with the numbers in
the brackets indicating the thickness of the corresponding layers in nm. High energy
photoemission spectra collected for Fe 2p and B 1s at hv between 2500 and
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Fig. 13.11 a and b show Fe 2p and B 1s core level spectra collected from the uncapped bilayer
MT]J sample at hv = 3000 eV photon energy before (black) and after (red) annealing the sample at
300 £ 5 °C for 20 min. The inset of Fig. 13.11a shows the intensity ratio between B-oxide to
B-metal (red triangles) and B-oxide to Mg (blue square) obtained from 300 + 5 °C annealed
sample at different photon energies. The lines represent the simulated intensity ratios for the best
fitted structure, shown in Fig. 13.11d. The thickness and nature of various layers in the unannealed
and annealed uncapped bilayer sample are shown in Fig. 13.11c, d. The numbers shown in the
figures are in nanometer. (Adapted from [125])

4000 eV from this MTJ sample are shown in Fig. 13.11a, b, respectively, for two
different cases. First, the sample as grown was investigated; then the sample was
annealed at 300 °C for 20 min to understand the effect of annealing that is involved
in processing of MTJ layers for device applications. This annealed sample was also
investigated in an identical manner to understand the consequence of annealing
[125]. The spin-orbit split metallic peaks of Fe 2p can be seen at BE of 706.8 and
720 eV and the B 1s metallic peak appears at BE of 187.8 eV. Along with the
characteristic metallic features, both Fe 2p and B 1s spectra contain additional
features at higher binding energies arising from corresponding oxide species, as
indicated in the Figs. 13.10b, 13.11a. For Fe 2p, the oxide species appears at 3.6 eV
higher BE from the main peaks, whereas it is at BE of about 191.8 eV for B 1s. The
intensity ratio of the B-oxide and B-metallic 1s peak for the annealed sample is
shown in the inset to Fig. 13.11a as a function of hv. It is clear from this plot that the
intensity of the oxide species decreases with respect to the metallic peak when the
spectra are collected with higher photon energies, suggesting presence of the oxide
species closer to the surface compared to the metallic counterparts; a similar
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observation was also made for the Fe-oxide signal. Such intensity ratios, not only
for the oxide and metallic signals of the same elements, but also spectral intensity of
different elements, such as B-oxide 1s/Mg 1s (shown in the inset to Fig. 13.11a for
the annealed sample), Fe 2p/Mg 1s, Fe 2p/Co 2p (not shown here) were also
obtained in this study for both samples as a function of the hv. These experimentally
obtained intensity variations with the photon energy help to understand the internal
structure of these two samples in detail [125]. For example, the relative insensitivity
of the B-oxide/Mg intensity ratio on hv for the annealed sample shown in the inset
suggests that boron oxide is spread nearly homogeneously in the MgO layer, as has
also been reported in [122, 123]. Taking into account the intensity variation of
various core levels at different photon energies, it was possible to obtain a quan-
titative description of the internal structure [125] of this bilayer MTJ sample before
and after annealing, as shown in Fig. 13.11c and d, respectively. This study also
reports the internal structure of a tri-layer sample (with an additional C,yFgyBg
layer on top of MgO), in contrast to the bilayered one discussed here, resolving
controversy on the behavior of B diffusion on annealing the sample, illustrating the
tremendous usefulness of this technique.

13.9 Conclusion and Future Outlook

In this chapter, we have detailed how one may extract in-depth knowledge of the
internal geometric and electronic structures of heterogeneous materials with the use
of variable photon energy available at synchrotron radiation centers to carry out
depth resolved X-ray photoelectron spectroscopy. Competing techniques to obtain
such information are typically based on microscopic approaches, such as trans-
mission electron microscopy (TEM) together with its ability to perform space
resolved elemental identification via energy dispersive X-ray analysis and electron
energy loss spectroscopy, and scanning tunneling microscopy (STM). In general,
STM is extremely surface sensitive and it is impossible to obtain depth resolved
information from such a technique. There have been attempts reported in the lit-
erature to obtain information beyond the surface by carrying out cross-sectional
studies; this requires cutting through the sample in a direction perpendicular to the
surface, thereby exposing the deeper part of the sample to the STM probe.
However, strictly speaking, any information so obtained continues to be a surface
related information, since the act of making the cross-sectional cut introduces a new
surface in the sample. Since the surface electronic structure may be different from
those from beyond the surface, cross-sectional studies to that extent may alter the
electronic structure being probed compared to that in the deeper part of the system
in an uncontrolled manner. This may limit the usefulness and applicability of such
cross-sectional studies. Similar cross-sectional studies are also popular in con-
junction with TEM. Obvious advantage of the technique discussed here based on
photoelectron spectroscopy is its nondestructive nature. It has the ability of
investigating the sample as such without the need to introduce any new surfaces to
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access deeper parts of the sample. The other advantage of the present technique is
that it naturally provides depth (or vertically) resolved information into the sample,
starting from the surface, with the help of a changing mean free path of photo-
electrons with a change in their kinetic energy brought about by changing the
photon energy; this is in contrast to the laterally resolved information from all
microscopic techniques mentioned above. Of course, there are several limitations of
the present technique as well. For example, the depth that can be probed effectively
using this technique is limited severely by ultra-short mean free paths of photo-
electrons. Even with the advent of hard X-rays up to about 10 keV to carry out
photoelectron spectroscopy, it is not possible to reliably probe beyond a depth
of ~15-20 nm. We note that this is not a limitation on the sample thickness; even a
macroscopically thick sample may be investigated without any need to thin down
the sample unlike in the case of TEM. However, the depth-resolved information
will be restricted to within the first 15-20 nm of the surface at best using this
technique. Since most of the nanocrystals investigated have sizes below 20 nm, the
present technique is an ideal tool to probe their internal structures. Also, any
heterostructures can be probed as long as the interface of interest is not buried
deeper than the above-mentioned limit, as discussed in specific examples in this
chapter.

It is important to keep in mind the uncertainties inherent in this technique. As
has been explained in detail, a quantitative determination of the internal structure of
any sample requires the knowledge of several parameters that are not very well
controlled, thereby introducing uncertainties in the derived quantitative estimates.
One such uncertainty arises from the estimate of the mean free path which is never
easy to determine a priori with a great accuracy. The second source of uncertainty is
the photon energy dependent cross-section of various levels that are analyzed to
extract the depth resolved information. Other parameters, such as the photon flux
and other experimental factors, can be largely taken care of by analyzing only
intensity ratios and opting for core level signals that have similar binding energies,
as explained in this chapter. It is also to be realized that the analysis of the intensity
ratio as a function of the photon energy to extract the internal structure is based on a
presumed parameterized model of the internal structure, such that the internal
parameters of the assumed model are optimized to provide the best description of
the intensity variation. Thus, the analysis can be hoped to provide reasonable
estimates only if the assumed model is realistic. This implies that it is important to
have some basic ideas of the shape and the internal symmetry of the sample.

The above mentioned limitations point to the fact that the present technique,
instead of being viewed as a competing technique, should be more viewed as a
complimentary one to other techniques that can provide any clue to the internal
structure. Thus, it is important to start the analysis with a prior knowledge of the
shape and overall dimension of the sample in case of nanomaterials. This infor-
mation is easily obtained from TEM studies and helps to build up the model for the
analysis. Similarly, in many spherical nanocrystals synthesized via the solution
route, it is also reasonable to assume a spherical symmetry of the composition,
helping to bring down the number of parameters in the model. The overall size
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determined from the TEM study then provides a critical test for the model, since the
analysis of the photoelectron spectroscopic results must be consistent with that of
TEM in terms of the total size of the nanocrystal. Similarly, elemental analysis
using ICP-AES or atomic absorption spectroscopy provides important restrictions
on the model, since each optimized model corresponds to a well-defined average
composition. Using every such available information on the system, one may
substantially reduce the uncertainties associated with the analysis of the internal
structure based on the present technique.

Since the electronic structure of any material is crucially dependent on the
elemental distribution within the sample, it is clear that understanding the internal
structure of low dimensional systems is of great importance, as has been discussed
in this chapter. With an increasing number of beamlines becoming available around
the world where one may carry out high resolution photoelectron spectroscopy over
a wide range of photon energies, it appears that this technique, in conjunction with
all other complimentary techniques, will play a unique and powerful role in
unraveling the internal geometric and electronic structures of such systems.
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