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Abstract 
 
The electronic properties of surfaces and buried interfaces can vary considerably in 
comparison to the bulk. In turn, analyzing bulk properties, without including those of the 
surface, is understandably challenging. Hard X-ray Photoelectron Spectroscopy 
(HAXPES) allows the well known ability of photoemission to interrogate the electronic 
structure of material systems with bulk volume sensitivity. This is achieved by tuning the 
kinetic energy range of the analyzed photoelectrons in the multi-keV regime. This unique 
ability to probe truly bulk properties strongly compliments normal photoemission, which 
generally probes surface electronic structure that is different than the bulk selected 
examples of HAXPES and possible implications towards the study of complex oxide-
based interfaces and highly correlated systems are discussed. 
 
 
 
 
 
Almost every possible physical property changes at the surface of a solid system: the 
modifications induced by both the broken symmetry and the reduced dimensionality on 
the electronic and crystalline structure have a profound influence on the macroscopic 
behavior of the solid as a whole. This is observed in terms of optical properties, hyperfine 
fields, magnetism, thermal and electric conduction to name but a few. The surface also 
represents a peculiar interface system, the extreme limit between the solid and the 



vacuum, and, as such, an incredible variety of anomalous properties and new physical 
phenomena have been found at the interface also, in their natural or artificial form [1,2]. 
 
The prospective of a quasi-limitless access to new science based on surface and interface 
effects has led to a tremendous theoretical and experimental effort, evolving, in the last 
four decades, from ‘classic’ surface science to the advent of ‘nanoscience’ [3]. Presently, 
one of the most flourishing research fields and at the same time one of the major 
challenges faced by contemporary solid state science and technology has been in 
designing, understanding and controlling the properties of functional materials (e.g. 
organic-systems, semiconductors, oxides, metals). Particular interest has focused on thin 
films and the interfaces formed with solid materials. Since the impressive development in 
deposition techniques, the perspective is now to ‘design and build’ systems with tailored 
structural, electronic and magnetic properties where the surface/interface can play the 
critical role, an approach confirmed by the 2007 Nobel Prizes in both Chemistry and 
Physics [4]. 
 
New chemical and physical properties often emerge as cooperative interactions 
corresponding to new phenomena, for example, as self-assembly and self-ordering, 
quantum size confinement, wave-like transport and orbitally/magnetically driven 
interface effects. Surface and interface properties, however, cannot necessarily be 
predicted from those observed at smaller or larger scales and are therefore not scalable 
from atomic or bulk properties. It is clear that detailed knowledge on the surface/interface 
vs. bulk electronic properties is critical, coupled with a deep understanding of the 
mechanisms involved, if these systems are to find any technological application. 
 
A clear example of this difficulty can be found in the study of strongly correlated systems 
such as low dimensional artificial solids and complex oxides, where a broad range of 
behaviours from insulating to metallic, magnetic and even superconducting behaviour 
depend upon minute changes – the energy scale of the relevant processes lies in the meV 
regime - of the electron, spin, and orbital degrees of freedom [5]. While many efforts 
have been focused on reaching a reliable control of surface and interface effects in 
strongly correlated systems, a basic understanding of the differences between surface and 
bulk electronic properties is still lacking; analysis of such an important aspect requires on 
one hand the ability to probe structural, electronic and magnetic properties with chemical 
sensitivity, while on the other, a full control of the depth information acquired (i.e. 
surface to near-surface to bulk).  
 
Looking at the spectroscopic tools available, only a few analytical methods qualify: 
Photoemission Spectroscopy (PES), and in particular X-ray based PES, is one of the most 
powerful techniques to investigate the electronic structure of solid state materials. PES is 
a versatile technique, easy to use and relatively non-destructive, with the combination of 
PES and Synchrotron Radiation (SR), over the last 30 years, has proven extremely 
fruitful in surface and interface studies. A strong surface sensitivity, of the order of 5 Å, 
i.e. a few atomic layers, can be achieved by tuning the energy of the incoming SR to the 
minimum of the escape depth of the outgoing photoelectrons, as depicted in Figure 1 
[6,7]. Today, PES experiments with state-of-the-art energy and momentum resolution 



provide the most detailed information on the electronic states at the surface of solids. On 
the other hand, there is an almost complete lack of corresponding experimental PES 
information on truly bulk properties. This surface sensitivity is especially problematic for 
the study of strongly correlated materials, where structural distortion, stoichiometry 
changes, strong reactivity to external agent and major atomic and/or electronic 
reconstruction often appear at surfaces. 
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Figure 1. The universal curve of the escape depth of photoelectrons [6,7]. The shaded boxes indicate the 
regions where bulk sensitive photoemission is possible. The high kinetic energy region concerns HAXPES 
experiments. 
 
The most direct way for increasing the probing depth in PES experiments is to increase or 
decrease the excitation energy, and correspondingly the kinetic energy of the outgoing 
photoelectron [8]. Although more straightforward from a technical point of view, 
extremely low energy PES has some crucial drawbacks, due to the limited kinetic energy 
range available (core level PES is impossible), along with the influence of final state 
effects and a material dependency on probing depth. Hard x-ray photoemission 
spectroscopy (HAXPES) experiments were originally pioneered by Pianetta and Lindau 
in 1974 [9], and have recently been revived by several research groups since 2003 [10-
19]. With the advent of 3rd generation synchrotrons, the ability to exploit HAXPES, with 
the necessary high flux (1011/1012 photons/s on the sample in a bandwidth of 50-300 
meV) to overcome the strong reduction of photoionization cross section at high energy 
[20], as well as the extremely large dynamic range in photon energy (4 to 15 keV).  A 
very respectable limited energy resolution  (∼ 50 meV), is more than good enough to 
obtain reliable comparison with standard surfaces sensitive PES. HAXPES measurements 
provide information from a depth of up to 15-20 nm for electron kinetic energies > 5 keV, 
corresponding to truly bulk sensitivity with chemical selectivity [21]. The scope of this 
paper is to present selected examples, which describe recent important results, as well as 
future developments of the HAXPES technique. 
 



An example that epitomizes the capabilities of HAXPES comes in the determination of 
the Fermi level and/or of the surface carrier accumulation of complex oxides. Many of 
these systems can neither be prepared with standard surface science techniques, nor 
display the same (electronic) properties between surface and bulk, hence genuine bulk 
sensitivity is required. Moreover, the strong variation of cross section when passing from 
soft to hard x-ray can be used to advantage, for example, to highlight the metal s 
contribution of the total density of states in valence band photoemission in materials of 
the post-transition metals. In fact, although the cross section of all states is severely 
suppressed in the HAXPES regime (up to a factor 10-4), the relative ratio of states with 
different symmetry strongly favors extended s-states with respect to localized p, d and f 
ones.  Consider the case of PbO2, a widely used metallic conductor of electricity in lead 
acid batteries. Although almost all binary oxides where the metal atom achieves the 
group oxidation state are insulators (e.g., TiO2, ZrO2, HfO2, ThO2, GeO2 and SnO2, all 
of which have gaps in excess of 3 eV [22,23]), β-PbO2 is a metallic conductor [24] where 
the metallic nature of PbO2 has been the subject of conjecture. On the basis of 
bandstructure calculations it has been suggested that PbO2 is intrinsically metallic due to 
overlap of the top of the valence band of O 2p states with the bottom of the conduction 
band comprised of  Pb 6s states. On the other hand the conduction electron concentration 
is known to vary with preparation conditions in a way suggestive of population of 
conduction band states by carriers introduced by oxygen vacancy defects or proton 
interstitials. [25]. A clear path towards resolution of this controversy lies in the 
measurement of photoemission spectra which locate the position of the metallic Fermi 
edge relative to the edge of the O 2p dominated valence band. To date however it has 
proved problematic to observe conduction band states in conventional photoemission 
experiments due to the low carrier concentration and the dominance of O 2p states in the 
measured spectra – for example at 56.0 eV photon energy the conduction band structure 
is two to three orders of magnitude weaker than the valence band structure (Figure 2).  
Payne et al. approached the problem of PbO2 with the use of HAXPES [26,27]. At a 
photon energy of ~8 keV , the photo-ionization cross sections of Pb 6s states is almost 
two orders of magnitude larger than the cross sections for ionization of O 2p states. 
HAXPES valence band spectra show a well-defined metallic Fermi edge of PbO2 sitting 
well above the main valence band edge, with clear evidence of an incipient gap between 
the valence and conduction bands (Figure 2). These experiments thus provide clear 
evidence in favor of the “defect” hypothesis. The population of this band most likely 
arises from donor states associated with oxygen vacancies. Further analysis of the 
intensity changes confirms that conduction band states have less Pb 6s character than the 
most tightly bound valence band states, a conclusion supported by bandstructure 
calculations. Moreover, variation of states I, II, and III as a function of photon energy, 
allowed clarification that the Pb 6s contribution is higher (relative to the O 2p 
contribution) at the bottom of the valence band than in the conduction band. This 
experimental evidence is at variance with a purely ionic model, which presupposes that 
no Pb 6s character should be present in the valence band. 
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Figure 2. Photoemission spectra of β-PbO2 excited at 56 eV and 7700 eV photon energy. Note the 
dramatic increase in the relative intensity of the conduction band photoemission feature (highlighted in red). 
The highest valence band state III also increases in relative intensity. Both states I and III have substantial 
Pb 6s character. 
 
 
 
Looking at the broader implications of the presented results, cross sections for ionization 
of 4s and 5s orbitals are similar to those for 6s orbitals at high energies [28,29]. It follows 
that selective enhancement of the metal ns contribution to the cross section weighted 
density of states is expected to be a general feature of high energy photoemission. This 
has also been of particular value in the study of conduction band states in n-type 
transparent conducting oxides such undoped and Sn-doped In2O3, where, with the help of 
the bulk sensitive probe HAXPES, it has been shown that: a) the bandgap is direct with 
an upper limit on the fundamental band gap of 2.9 eV [30], well below the widely quoted 
band gap of 3.75 eV and b) the comparison between the valence band edge spectra 
measured at hn=1486.6 eV and hn=6000.0 eV reveals a pronounced accumulation of 
electrons close to the surface. At the same time HAXPES enables identification of the 
regions of O 2p valence bands that are hybridised with cation s states for any oxide, thus 
being able to quantify the ionic/metallic character of complex oxides. In addition, several 
HAXPES studies have been devoted to the study of band gap states and conduction band 
filling due to extrinsic carriers in thin films of ZnO [32,33], InGaZnO [34,35], and InN 
[36]. Also due to the large probing depth, HAXPES may also probe buried interfaces 
under ‘in operando’ situations, e.g. while applying electric field through the surface 
electrode. Examples of this type of application are the detection of mid-gap interface 
states in a C-MOS structure [37] and the monitoring of the metal-oxide interface during 
electrochemical reactions in resistance memory devices [38,39]. 
 
Although HAXPES originates at large scale facilities, recent developments concern the 
use of laboratory-based HAXPES, with clear advantages in terms of experimental control, 
sample environment and flexibility of operation. 



 
In a laboratory-based HAXPES setup with practical throughput one needs to overcome 
the debilitating decrease of signal intensity due to the rapid reduction in photo-ionization 
cross-sections accompanied with increasing photon energy. Consequently the crucial 
aspects are to design a monochromatic X-ray source with high-flux and an electron 
analyzer with wide acceptance. Recently a High Energy Angle Resolved Photoelectron 
Spectrometer for Laboratory uses (HEARP Lab) with adequate performances has been 
achieved [40]. The system consists of a focused Cr Kα source, a wide acceptance 
objective lens, and a high energy version of VG Scienta R4000 analyzer. The X-ray 
source is designed in a similar way to the VersaProbe (ULVAC-PHI, Inc.) Al Kα source. 
The Cr Kα (5.4 Kα KeV) X-rays emitted from a water cooled Cr target bombarded by a 
focused electron beam are monochromatized and focused onto a sample surface by a 
compact bent crystal monochromator with a 300 mm Roland circle. The X-ray spot size 
is variable from 10 μm (1.25 W) to 200 μm (50 W). The wide-acceptance objective lens 
designed by Matsuda and Daimon using an ellipsoidal mesh electrode in the first stage of 
the lens is installed in front of the hemispherical analyzer [41]. Basic performances of the 
whole laboratory system were evaluated by measuring 3d core level and valence band 
spectra of Au [40], resulting in a total energy resolution of 0.53 eV. Angular acceptance 
and angular resolution were evaluated as ±35° and a less than 0.5°, respectively.  
 
An additional feature of the HEARP Lab was the observation of bulk X-ray 
photoelectron diffraction (XPD). Hard X-ray regime XPD is expected as one of the useful 
techniques to open up possibilities in accessing bulk local atomic structures of a wide 
variety of materials. The HXPD measurements were performed on the Si 1s core level 
photoelectrons, at kinetic energy 3569 eV, from a Si(001) substrate covered by a 
hydrogen terminated, 4 nm-thick and 7nm-thick silicon dioxide overlayers were 
measured with an angular resolution of 0.35° in the polar direction and with 3° step in the 
azimuthal direction [42]. The azimuthal angle was scanned in the range of over 90°. A 
rotational symmetry operation was applied, considering the symmetry of the crystal. The 
measurement time required for one pattern was approximately 30 h. Theoretical studies 
predicted that the electron-atom scattering process at high kinetic energies produce a 
strong enhancement of the intensity in the forward scattering , which should provide real-
space information on the directions of near-neighbor bonds and low-index axes. The 
positions of the main spots are in good agreement with low-index directions in the silicon 
crystal structure. Other significant features in the HXPD pattern were lines of enhanced 
intensity along the [110] and [–110] directions. Their origin comes from a forward-
focusing effect in the (110) plane and from long-order Bragg diffraction, which creates 
the well-known Kikuchi bands from (110) atomic planes. All these features were well 
reproduced by a cluster calculation. The forward scattering spots were clearly observed in 
samples with 4 nm thick oxide overlayers and distinguishable even in the 7 nm overlayer 
case, verifying the high bulk sensitivity of the HXPD.  
 
A further application of HEARP Lab has been the thickness determination of nearly 
atomically flat SiO2 overlayers , in order to verify the feasibility of the HEARP Lab in 
angular resolution mode [43]. Samples were prepared by the standard industrial thermal 
furnace oxidation process with the thickness of 4–25 nm on Si(001). The take off angle 



(TOA) dependences (measured from the normal emission angle of sample) of Si 1s 
spectra, found at1844.8 eV (oxide) and 1839.6 eV (substrate) binding energies, were 
measured in the TOA range of 30–90° with sample normal fixed at 30° from the analyzer 
axis. The intensity of the oxide spectra smoothly varied with the TOA while  
 

 
 
Figure 3(a) Schematic sample structure, (b) Si 1sand O1s spectra measured in 200 μm steps along the 
thickness varying direction, (c)) dependent of Si 1s peaks on the SiO2 thickness calculated from the 
intensity ratio Io/Is, where Io and Is are Si 1s intensities of the oxide and the substrate, respectively. (The 
resultant SiO2 thickness was found to be linearly varying with the position change.) 
 

 
those of the substrate exhibited strong modulations, due to the XPD effects discussed 
above. Continuous rotation of the sample around the axis normal to the sample surface 
during the measurements was effective in reducing the intensity modulation. The TOA 
dependences of the intensity ratio between the Si 1s peaks of the oxide (Io) and the 
substrate (Is) were analyzed by adopting a simple uniform overlayer-substrate model, 
which resulted in an excellent linear correlation with thickness values obtained by 
ellipsometry, with a gradient of 1.05 and a y-axis intercept of −0.3 in the overlayer 
thickness region of 4 nm-25 nm.  
 
Profiling of a gate stack model structure sample of Ir (8 nm)/HfO2 (2.2 nm)/wedge shape 
SiO2 (0–10 nm)/Si(100) (shown in Fig. 3(a)) was performed by varying the X-ray spot 
position on the sample surface [43]. The thickness profiling of a buried wedge shape 
SiO2 layer in the same sample evidenced that the SiO2 wedged layer was fabricated 
exactly as designed varying linearly from 0 to 10 nm with changing position from 0 to 



2.5 mm. The intensity ratio of O 1s components which are to be identified as SiO2 at 
4876 eV and HfO2 at 4878 eV varies with SiO2 thickness. Si 1s (both substrate and 
oxides) peak shapes also depend on the SiO2 thickness as shown in Fig. 3(b). No 
distinguishable variation with SiO2 thickness in Hf 3d5/2 and Ir 3d5/2 was recognized. The 
shifts of the substrate and oxide Si 1s peaks are also plotted as functions of determined 
SiO2 thickness in Fig. 3(c). This results suggest that these peak shifts are due to charge at 
the HfO2–SiO2 interface and the amount of charge is constant at least until the SiO2 
thickness does not exceed 7 nm.  
 
To conclude, Hard X-ray PES (HAXPES) may open new opportunities in the study of 
complex systems and interfaces, by exploiting the variable depth information of the high 
energy photoemission technique. In the mid-term future the optimized control of external 
parameters such as, electric field, temperature and pressure is foreseen, bringing 
HAXPES activity towards, the so far unexplored, ‘in operando’ regime, both at large-
scale synchrotron facilities and in laboratory-based environments. 
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