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Functional thin films are commonly integrated in electronic devices as part of a multi-layer architecture. 

Metal/oxide/metal structures e.g. in resistive switching memory and piezoelectric microelectrochemical devices are 

relevant applications. The films are mostly fabricated from the vapour phase or by solution depositin. Processing 

conditions with a limited thermal budget typically yield nanocrystalline or amorphous layers. For these aperiodic materials, 

the structure is described in terms of the local atomic order on the length scale of a few chemical bonds up to several 

nanometres. Previous structural studies of the short-range order in thin films have addressed the simple case of single 

coatings on amorphous substrates. By contrast, this work demonstrates how to probe the local structure of two stacked 

functional layers by means of grazing incidence total x-ray scattering and pair distribution function (PDF) analysis. The key 

to separating the contributions of the individual thin films is the variation of the incidence angle below the critical angle of 

total external reflection, In this way, structural information was obtained for functional oxides on textured electrodes, i.e. 

PbZr0.53O0.47O3 on Pt[111] and HfO2 on TiN, as well as HfO2–TiOx bilayers. For these systems, the transformations from 

disordered phases into periodic structures via thermal teatment are described. These examples highlight the opportunity 

to develop a detailed understanding of structural evoluion during the fabrication of real thin film devices using the PDF 

technique.  

 

1. Introduction 

Thin film technology represents the foundation of modern 

information and communication technology (ICT) as it is the 

key to manufacturing the primary hardware components of 

e.g. microelectronics, data storage devices, and displays1. 

Layers of different functional materials are integrated at 

thicknesses ranging from several nanometres up to a few 

hundreds of nanometres. The ICT industry faces an ever 

increasing demand for higher device performance in 

processing speed and storage capacity, and at the same time 

for lower size, weight, and power consumption for mobile 

electronics2–5. Consequently, major R&D efforts aim to push 

miniaturisation towards the physical limits and in parallel 

develop alternative system architectures6. In this work, we 

present selected bilayer systems that are industrially relevant 

for present-day and next generation energy efficient ICT 

applications and consumer electronics.  

Novel designs and architectures of ICT components rely in part 

on the introduction of new functional and hybrid materials 

beyond silicon and its derivatives7. An essential step in this 

development is the characterisation of the materials’ 

properties on the length scale of nanometres, corresponding 

to the film thickness and the device size. Understanding 

structure-property relationships, one of the general principles 

of materials science, is greatly important in this context since 

the structure of a material at small dimensions readily differs 

from that of its bulk counterpart. The structural analysis of thin 

and ultrathin films demands dedicated modification of 

standard techniques to realise surface sensitivity, such as 

grazing incidence or reflection geometries in spectroscopic 

methods and x-ray diffraction. Over the past two decades, 

total scattering and pair distribution function (PDF) analysis 

have emerged as a powerful tool to study the atomic short-

range order of complex materials8–12. This technique has 
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proven successful in particular for amorphous and 

nanocrystalline materials that lack periodic, long-range order, 

and materials with disorder on the local atomic scale. While 

being established for bulk-type samples incl. powders, 

nanoparticles and solutions, the PDF technique is now more 

and more utilised for the characterisation of thin films as 

well13,14,23,15–22. Depending on the applied measurement 

method, the detection limit with respect to the minimal film 

thickness vary significantly. Our previous work21,22 

demonstrates how to obtain reliable PDF data from thin and 

ultrathin films by means of grazing incidence total scattering 

experiments in combination with a tightly focused high-energy 

x-ray beam and a large area detector. A particular challenge of 

this technique is the small magnitude of the critical angle of 

total external reflection c: at 100 keV photon energy,. c takes 

values of a few tens of millidegrees, depending on the electron 

density and volume density of the film. Consequently, a very 

precise alignment of the film in the x-ray beam at an incidence 

angle  c is the key to a successful grazing incidence total 

scattering experiment.  

For the majority of applications, electronic thin film devices 

consist of more than one individual layer, e.g. electronic 

contacts or protective layers against degradation and oxidation 

of the film under ambient conditions are added. As the ratio of 

surface area to volume of a thin film is large, the interface with 

the substrate onto which the film is deposited may crucially 

affect the growth process, atomic structure and layer 

morphology. As a result, the more closely a test sample 

resembles the real device, the more relevant are the obtained 

findings for the development process towards the final 

application. In this article, we report the expansion of the 

grazing incidence total scattering method from the structural 

investigation of single layers to thin film bilayers of different 

material combinations. One of these bilayers is a piezoelectric 

system based on lead zirconate titanate, which is of interest 

for microelectromechanical systems (MEMS) for motion 

sensors, periphery devices (e.g. microphones and inkjet 

printers) and energy harvesting applications24,25. The two other 

HfO2 based systems are well-established for manufacturing 

capacitors for dynamic random access memory modules with 

3D architecture26, field effect transistors in integrated 

circuits27,28 and under development for non-volatile random 

access memories making use of the resistive switching 

mechanism (ReRAM)29. From an x-ray methodological point of 

view, these bilayer systems constitute three different cases 

with respect to material properties as illustrated in Figure 1a: 

(i) PZT on a Pt bottom electrode as an example for a strongly 

scattering material on a high-Z metal layer, (ii) HfO2 on top of 

TiN electrode, with the top layer having the higher density, 

and (iii) the bilayer of titanium oxide (TiOx) on HfO2, a stack of 

two non-crystalline materials with the lighter compound on 

top. The thin film structures were synthesised by different 

chemical and physical deposition techniques, i.e. chemical 

solution deposition (CSD), sputtering and atomic layer 

deposition (ALD) described in Section 2.  

As summarized in Ref. 30, the PZT films investigated in the 

present study were prepared by a sol-gel method30. This 

fabrication process involves heat-treatment steps at 

increasingly high temperatures to convert the precursor sol 

into the crystalline functional film. In particular, during the 

stages of spin-on, evaporation of the solvent and burn-off of 

the residual organics (referred to as pyrolysis), the ambient 

humidity crucially affects the hydrolysis rate of the precursor 

sol which induces the chemical gelation into an amorphous 

solid. Under controlled conditions, dense and smooth solid 

films are obtained. Hence, the degree of network formation of 

the lead-oxygen and titanium/zirconium-oxygen units at the 

different process stages is of major relevance to optimising the 

electrical properties of the films. For the PZT system, it is of 

utmost importance to study the structure evolution of the 

films on the Pt electrode instead of the bare fused silica 

substrate for two reasons: (i) during thermal treatment, the Pt 

electrode is not inert but reacts with the lead from the PZT 

layer to form a PbPtx intermediate at the film-electrode 

interface, which is believed to be the driving force for the 

desired [111] texture transfer31; (ii) likewise, the interface 

between PZT and the SiO2 substrate is not inert either as the 

PDF analysis of equally spin-coated PZT films on fused silica 

revealed, i.e. the obtained crystalline phase resembles motifs 

of orthorhombic PbO and monoclinic ZrO2 instead of any of 

the reported PZT phases (see supplementary Figure S9). Our 

approach made it possible to quantify the extent of 

interatomic correlations in the pyrolysed film and obtain initial 

structural information on the textured crystalline films, both 

deposited on the strongly scattering Pt bottom electrode.  

HfO2 is well established in the semiconductor industry, which 

makes it a promising candidate for future resistive switching 

(memristive) devices typically built from nano-crossbar 

arrays32,33. In HfO2 ReRAM cells, switching between the high 

and low resistance states is induced by filamentary valence 

change. Titanium nitride is a very suitable electrode material in 

microelectronics because it is cheap and compatible with 

semiconductor standards. Consequently, the HfO2 on TiN 

combination is currently being investigated for its applicability 

for memristive devices. Section S1 summarises some of the 

performance issues of ReRAM devices using simple 

metal/HfO2/metal structures. Hardtdegen et al.34 presented an 

approach to overcome these challenges by introducing an 

additional TiOx layer as interface between HfO2 (both grown by 

ALD) and the electrode that facilitates the oxygen exchange 

during the switching process. Recent studies reported on the 

structural changes in TiOx films from thermal ALD processes35  

and the amorphous structure of HfO2 thin films from plasma 

and thermal ALD36. Here, we add to these findings by analysing 

the atomic structure of the TiOx on HfO2 stack with an 

emphasis on the local length scale. Two main questions were 

(1) if the TiOx thermal ALD process affects the quality of the 

underlying HfO2 layer, and (2) if the quality of the HfO2 layer 

grown at different temperatures affects the structure of the 

top TiOx layer. These topics were successfully addressed in this 

work. Even though x-ray methods are not very sensitive to 

oxygen vacancies directly, it enabled us to analyse the local 

bonding and connectivity of the cations, which are to some 

degree affected by the interplay with the oxygen ions and 
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bottom electrode, 20 nm HfO2 were deposited by reactive 

sputtering at room temperature and a pressure of ~10-2 mbar 

in argon with 2% O2. Post-annealing of the HfO2-TiN bilayer 

was performed in a rapid thermal annealing unit under pure N2 

atmosphere at 600 °C for 30 s with a 10 s heat ramp. (iii) TiOx 

on HfO2: The TiOx/HfO2 bilayers (sample type (iii) in Figure 1a) 

were grown by atomic layer deposition (ALD). The thermal ALD 

TiOx and the plasma assisted ALD HfO2 processes utilized 

amino-based metal precusors combined with water vapour 

and oxygen plasma as the oxygen source, respectively. 

Detailed information on the processes carried out in a 

FlexAlTM reactor (Oxford Plasma Technologies Inc.) are given 

in Refs. 34,38. For the plasma assisted ALD process of the 

bottom HfO2 layers, two different heater temperatures of 200 

and 300 °C were applied, resulting in about 35 and 40 nm thick 

layers, respectively referred to as HfO2 200 °C and HfO2 300 

°C,. A 30 nm thick TiOx layer was grown onto the ALD HfO2 

layers by thermal ALD at a heater temperature of 300 °C In 

between the total scattering measurements, the samples were 

post-annealed on a silicon nitride heating plate (Bach Resistor 

Ceramics GmbH, Werneuchen, Germany) at 450 °C for 10 min 

in air. The tag ‘post-annealed’ is added accordingly to the 

indicated sample names. 

 

2.2 Data acquisition 

X-ray reflectometry (XRR) was applied to characterise the thin 

film quality, i.e. thickness, density, and roughness of the layers 

of sample types (ii) and (iii), whereas for the significantly 

thicker samples of type (i), the film thickness is extracted from 

the cross-sectional electron micrographs shown in Ref. 30. A 

Bruker D8 Discover A25 diffractometer equipped with 

source and operated at 40 kV and 40 mA was used for the XRR 

emasurements. The scans were taken at a speed of 0.5 s/step 

and a step width of 0.01°. The x-ray total scattering 

measurements were carried out in the second experimental 

hutch (EH2) of beamline P07 at the storage ring PETRA III, 

DESY, Germany. By means of compound refractive lenses, the 

x-ray beam of approx. 100 keV photon energy was focused to 
2 (vertical by horizontal, full width at half 

maximum)39. Each sample was aligned in height and tilt angles 

so that the surface was parallel to the incident x-ray beam and, 

furthermore, at half height of the vertical beam size to position 

the sample in the centre of rotation. A PerkinElmer XRD1621 

amorphous silicon flat panel detector was mounted at a 

distance of ~350 mm from the centre of rotation of the 

diffractometer with the primary beam hitting roughly the 

centre of the active area. For calibration of the measurement 

geometry, diffraction patterns from powder standards (LaB6 

and CeO2) filled into capillaries were collected. For the 

variation of the penetration depth, the incidence angle was 

scanned in the range 0.01…0.04°, and images were recorded in 

steps of 0.002°.  Acquisition times of 1 to 60 s were chosen per 

image by summing up individual exposures of 0.2 to 1 s, 

depending on the scattering power of the materials and the 

resulting intensities on the detector.  

 

2.3 Data treatment and analysis 

Fitting of the XRR data was performed using the software 

GenX40, and the results are collected in Section S2 of the 

supplementary information. For calibration of the x-ray 

scattering geometry, the exact values of sample to detector 

distance, beam centre and non-orthogonality of the detector 

plane with respect to the incident beam were determined in 

pyFAI41 and the refined parameters implemented in the 

azimuthal integration of the two-dimensional diffraction 

patterns. A mask that eliminated all underperforming pixels of 

the detector was applied before the integration. The reduced 

pair distribution functions G(r) of the as-obtained one-

dimensional diffractograms I(Q) were calculated using 

pdfgetX342
 implemented in the xPDFsuite package43. 

Background subtraction was carried out by individually scaling 

an equivalent I(Q) pattern of pure fused silica until the PDF 

peak representing the covalent Si-O bond of 1.6 Å was 

eliminated. Contrary to single crystal silicon, which is the most 

common substrate for electronic thin films, scattering from the 

amorphous fused silica is isotropic and hence straightforward 

to subtract by adjusting a simple scaling factor. Supllementary 

Figures S8, S12 and S13 show representative datasets for I(Q) 

incl. scaled background, S(Q), and F(Q) for samples of type (i)–

(iii)_. Crystallographic parameters were fit and reference PDFs 

calculated using PDFgui44. The weighted R factor, Rw, was used 

to quantify the agreement between experimental PDFs and 

those calculated from structural models following the least 

squares refinements. The fit results are summarised in Table 

S5. All reference phases incl. their Inorganic Crystal Structure 

Database (ICSD) codes and plots of selected calculated PDFs 

are collected in Section S3 for sample type (i) and Sections S2 

and S3 for samples type (ii) and (iii). 

3 Results and discussion 

3.1 PZT on Pt for MEMS applications 

In Figure 2a, the PDF data obtained for the pyrolysed and 

crystallized films, PZT 350 °C and PZT 600 °C, are plotted along 

with the PDF of a blank Pt substrate (50 nm) on fused silica. 

For the amorphous PZT film with >200 nm thickness, almost 

pure signal from the top layer with negligible contributions 

from the Pt bottom electrode were observed up to an 

incidence angle of >0.02° (cp. Figure 1c). Other than one rather 

sharp peak at ~2.2 Å, the corresponding PDF shows 

increasingly broad and asymmetric features at higher 

interatomic distance, r, with maxima at approximately 3.8, 6.7, 

9.5 and 12.5 Å. Typically, the shortest correlation originates 

from the nearest-neighbour metal-oxygen bonds and the 

second from next-nearest-neighbour metal-metal bonds, 

whereas the signal from the oxygen-oxygen bonds on this 

length scale is usually rather weak relative to the contributions 

involving the higher-Z metals. A comparison with reference 

structures for rhombohedral, tetragonal, cubic, and monoclinic 

symmetries of PZT with a Zr to Ti ratio of 53:47 (space group 

R3m) or 52:48 (space groups P4mm, Pm-3m, Cm) basically 

confirms this rule of thumb. However, all of these phases 
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was found that the low-temperature treatment at 350 °C 

produces a highly disordered solid with well-defined metal-

oxygen bonds, but without sharp correlations on the next shell 

of metal-oxygen-metal bonds. Details on the atomic 

rearrangements during crystallisation will be subject of further 

experiments, preferably performed in situ during annealing. In 

the case of the two sample types consisting of HfO2, both 

exhibited the monoclinic short-range order as-deposited. Upon 

post-annealing, they developed long-range order in the 

monoclinic phase at different rates and to different domain 

sizes, depending on the deposition process and synthesis 

conditions. The PDF of a TiOx film on top of HfO2 exhibited 

peaks over the r range of several angstroms that correspond to 

correlations found in different titanium oxide phases of 

varying stoichiometry. Significant deviations of the ratio of 

edge- and corner-sharing TiO6 octahedra were observed for 

similarly prepared films directly grown on glass at different 

thicknesses. All of the amorphous layers produced isotropic 

scattering patterns, whereas most of the crystalline films, i.e. 

the metallic bottom electrodes and the thermally crystallized 

HfO2 layer under the TiOx film, showed a pronounced intensity 

distribution along the Debye-Scherrer rings indicative of 

preferred orientation. Although non-random distribution of 

domains is still an unresolved issue in modelling PDFs, 

qualitative interpretation of the results is viable unless the 

texture is very pronounced.  

In summary, this work is the first report on applying the total 

scattering and PDF method to thin films that are not directly 

deposited on an amorphous substrate. Industry relevant 

samples with crystalline and semi-crystalline substrates 

necessitate the use of the grazing incidence geometry, as it is 

the only way to suppress the strong contributions of the 

crystalline and textured bottom electrodes (here Pt and TiN). It 

is not advisable to collect equivalent data in the less 

demanding transmission geometry because the subtraction of 

the high-intensity metal and substrate signals from the 

combined pattern to extract the far weaker film signal 

propagates comparatively larger uncertainties. In addition, 

first tests on resolving the total scattering patterns of two 

stacked oxide layers illustrated how stringent the demands are 

for realizing the grazing incidence condition at high photon 

energies. A systematic correlation of the variable incidence 

angle scattering patterns with the roughness at the bilayer 

surface and the interface between the individual films will 

enable us to better estimate the potential and limitations of 

the technique. However, under ideal conditions, it was 

possible to derive information about the local structure of a 30 

nm layer of disordered TiOx on top of 40 nm amorphous HfO2, 

which is unprecedented in PDF analysis so far. These findings 

may increase the awareness in thin film communities about 

the PDF technique and boost their interest in utilising the 

method towards the rational design and optimisation of real 

thin film devices. 
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