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Abstract 

Quantitative transmission electron microscopy (TEM) often requires accurate knowledge of sample 

thickness for determining defect density, structure factors, sample dimensions, electron beam and X-

ray photons signal broadening. The most common thickness measurement is by Electron Energy Loss 

Spectroscopy which can be applied effectively to crystalline and amorphous materials. The drawback 

is that sample thickness is measured in units of Inelastic Mean Free Path (MFP) which depends on the 

material, the electron energy and the collection angle of the spectrometer. 

Furthermore, the Elastic MFP is an essential parameter for selecting optimal sample thickness to reduce 

dynamical scatterings, such as for short-range-order characterization of amorphous materials.  

Finally, the Inelastic to Elastic MFP ratio can predict the dominant mechanism for radiation damage 

due to the electron beam. 

We implement a fast and precise method for the extraction of inelastic and elastic MFP values in 

technologically important oxide thin films. The method relies on the crystalline Si substrate for 

calibration.   The Inelastic MFP of Si was measured as a function of collection semi-angle () by 

combining Energy-Filtered TEM thickness maps followed by perpendicular cross-sectioning of the 

sample by Focused-Ion-Beam. For example, we measured a total Inelastic MFP (~157 mrad) in Si of 

145 ± 10nm for 200 keV electrons. 

The MFP of the thin oxide films is determined by their ratio at their interface with Si or SiO2. The 

validity of this method was verified by direct TEM observation of cross-to-cross sectioning of TEM 

samples. The high precision of this method was enabled mainly by implementing a wedge preparation 

technique, which provides large sampling areas with uniform thickness. 

We measured the Elastic and Inelastic Mean Free Paths for 200keV and 80keV electrons as a function 

of collection angle for: SiO2 (Thermal, CVD), low-κ SiOCH, Al2O3, TiO2, ZnO, Ta2O5 and HfO2.  

The measured MFP values were compared to calculations based on models of Wenzel, Malis and 

Iakoubovskii. These models deviate from measurements by up to 30%, especially for 80keV electrons. 

Hence, we propose functional relations for the Elastic MFP and Inelastic MFP in oxides with respect to 

the mass density and effective atomic number, which reduce deviations by a factor of 2-3. In addition, 

the effects of sample cooling on the measurements and sample stability are examined. 
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Introduction   
Thin-film oxides are a primary building block in many devices and have a wide range of state-of-the-

art applications, such as optoelectronics, spin-electronics, energy harvesting and storage, memristive 

devices, and optical coatings [1–10]. 

Various methods are used for compositional and structural characterization of thin film oxides, for 

example: Raman spectroscopy, X-ray photoelectron spectroscopy, as well as X-ray, and neutron 

scattering [11]. However, for localized characterization of nanoscale volumes such as in thin films, 

Transmission Electron Microscopy (TEM) proves more effective due to the high scattering cross-

section and small probe size of the electron beam [12,13]. 

Quantitative TEM requires accurate knowledge of sample thickness for determining properties such as 

defect density, structure factors, sample dimensions and geometry. Furthermore, an accurate 

measurement of the sample thickness is necessary for the modelling of image formation, estimation of 

electron beam or X-ray photon signal broadening, and evaluation of radiation damage [14–18].  

Reported methods for direct measurement of the TEM sample thickness by a trigonometric-tilt series 

[19] and contamination-spot separation [20] suffer from complexity and poor accuracy. Convergent 

beam electron diffraction offers improved accuracy [21,22], but it is a very localized measurement, 

limited to crystalline materials, and more susceptible to beam damage [23]. Conversely, indirect 

thickness measurement using Electron Energy Loss Spectroscopy (EELS) or Energy-Filtered (EF) TEM 

can be applied effectively on both crystalline and amorphous materials [14–16,18,24–26]. The 

drawback is that sample thickness is measured in units of Inelastic Mean Free Path (MFP).  

The Inelastic MFP value can be determined by calibrating EELS measurements using a perpendicular 

cross-section [16,24] or conical needle samples [14,27] prepared by Focused Ion Beam (FIB). However, 

these methods are limited since the MFP is measured per material and is dependent on several 

parameters, for example: Energy of the incident electron beam, and collection angle into the 

spectrometer. Consequently, reports on accurate measurements of elastic and inelastic MFP are limited 

[15,18,25,28–33].  

The Elastic MFP is essential for determining the optimal sample thickness for structural short-range-

order characterization of amorphous thin films [34]. The ratio of inelastic to elastic MFP is important 

to assess the dominant mechanism for radiation damage due to the electron beam: atom displacement 

or radiolysis [35]. The sample thickness in units of Elastic MFP can be measured from the zero-loss 

peak intensity in nano-diffraction patterns on the sample compared to vacuum [24], or alternatively, 

using the EELS log-ratio technique on EF-TEM images with a combination of a small objective aperture 

(<2mrad) to exclude all types of scattered electrons [36]. As for the case of the Inelastic MFP, extracting 

the Elastic MFP value requires accurate knowledge of the sample thickness. We note that reports on 

Elastic MFP values are scarce in the literature.   

To date, MFP values were not reported for many technologically important thin-film oxides such as 

Ta2O5, HfO2, Al2O3, TiO2, ZnO and low-κ porous SiO2 (SiOCH). When MFP values are reported, they 

are typically stated for a specific collection angle or electron energy. In addition, while Inelastic MFP 

values for SiO2 were reported previously [15,37], the influence of the synthesis method of the film 

(thermal/CVD) on the MFP values was not examined. 

In this work, we implement a straightforward calibration methodology for determining the inelastic and 

elastic MFP of 200keV and 80keV electrons in technologically important thin film oxides deposited on 
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high-quality single-crystal semiconductors, typically silicon. This method is based on accurate 

measurement of the Inelastic MFP of electrons in crystalline silicon using indirect EF-TEM thickness 

mapping followed by FIB perpendicular cross-sectioning of TEM samples. Based on this calibration, 

the MFP is determined for the oxide thin films deposited on Si/SiO2 substrates by measuring the 

thickness ratio in MFP units at interfaces which are of the same physical thickness. 

We compare the measured MFP to calculated values using the Wenzel, Iakoubovskii and Malis models 

for elastic and inelastic scattering, respectively [18,28,29,38]. We propose functional relations on the 

Elastic MFP and Inelastic MFP in oxides with respect to the mass density and effective atomic number. 

In addition, the effects of sample cooling on the measurements and sample beam damage are examined. 

Experimental procedure  

Materials  
Oxides thin films were prepared as follows:  

Amorphous SiO2 film (nominal thickness of 300nm) was prepared by dry thermal oxidation on Si(001) 

substrates, supplied by UniversityWafer, Inc.  

Amorphous Ta2O5 (nominal thickness of 250nm) thin film was prepared by RF magnetron sputtering 

from a metallic Ta target at room-temperature, working vacuum pressure of 3.75 mTorr, 150W and 

30% oxygen flow using a PVD4 system of VINCI™ technologies.  

Amorphous Al2O3 thin film (nominal thickness of 20nm) was grown by atomic layer deposition using 

Ultratech/Cambridge Nanotech Fiji G2 at 300 °C using trimethyl-aluminum (TMA) and water as the 

Al and the oxygen precursors, respectively[39]. One cycle of Al2O3 deposition consists of 0.1s TMA 

injection, 10s Ar gas purge, 0.3s H2O injection, and 5s Ar gas purge. In total, 200 Al2O3 deposition 

cycles are used.  

Amorphous HfO2, TiO2 and polycrystalline ZnO thin films (nominal thickness of 15-20nm) were 

prepared by sputtering at room-temperature using an ATC 2200 system (AJA International Inc.) holding 

metal oxide targets (99.99% purity). The Ar/O2 gas mixture was supplied at 50:5 sccm at a process 

pressure of 3 mTorr.  The oxide films were capped ex-situ with an Al layer (nominal thickness of 50nm) 

deposited using e-beam deposition (Evatec BAK-501A) at room temperature.  

All the oxide thin films were deposited onto a Si(001) substrate covered with a plasma-enhanced 

chemical vapor deposition (PECVD) SiO2 layer deposited at 573K (nominal thickness of 60-100nm).  

In addition, commercially available (TSMC) low porosity carbon doped low-κ SiOCH (κ~2.6, n~1.4) 

film with nominal thickness of 300nm and Si:C:O atomic ratio of 1:1:2 was deposited using PECVD 

on a n-type Si(001) substrate. 

Methods  
The composition and chemical bonding of the oxides were verified by X-ray photoelectron 

spectroscopy (XPS) using a Versaprobe III and Multi-Technique System 5600 (PHI, USA). A 

monochromatic Al Kα source (1486.6eV) produced an X-Ray beam with a diameter of 200 μm. The 

measurements were performed in an UHV (2x10-10 Torr) analysis chamber. Spectra were shifted to 

adventitious C1s peak at 284.8eV. Precise energy positioning and peak shape determination was 

achieved from individual spectrum measurement for different peaks in a small energy range window at 

a high resolution (PE = 11.75 eV, 0.1 eV/step).  The extracted oxide compositions are presented in the 

supplementary information. 
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The mass densities of the oxide films were measured by X-ray reflectivity (XRR) using Rigaku 

SmartLab 9kW Cu anode X-ray diffractometer equipped with Ge220x2 monochromator and operated 

at 45kV (200 mA). XRR data was fitted to calculated curves using GlobalFit2.0 and SmartLab studio 

II softwares by Rigaku. Film thicknesses measured from bright-field (BF) TEM micrographs were used 

to improve the fitting accuracy and to refine the measured density values. (Supplementary – Fig. S3). 

TEM cross-sectional samples were prepared by a wedge preparation method [40]: The sample is glued 

to a protective silicon (001) wafer slide and mechanically polished down to thickness of 1-5 µm at the 

region of interest using a MultiPrep™ system (Allied High Tech, USA) while applying a wedge angle 

of ~1-2˚ as shown in the schematic Fig. 1. Mechanical polishing is followed by a short period of Ar ion 

milling using PIPS II (Gatan, USA) at energies ranging from 4 keV down to 0.2 keV while cooling the 

sample to a temperature of 200K for minimizing damage induced by the ion polishing process. 

Subsequent measurement of the wedge angle resulted in 3-8, attributed to the final ion polishing stage. 

The thickness of the TEM samples in units of electron mean free path, inelastic or elastic, was 

determined from Energy-Filtered (EF) TEM images using intrinsic electron scattering lengths based on 

Poisson statistics, resulting in a log-ratio equations, (Eq. 1a) for inelastic scattering and (Eq.1b) for 

elastic scattering [18]: 

𝑡

𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐
= ln(

𝐼𝑡

𝐼0
)     

(1a) 

 

where 𝑡 is the sample thickness, 𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 is the inelastic scattering MFP, 𝐼0 is the intensity of the zero-

loss image (intensity of electrons transmitted without energy-loss), and 𝐼𝑡 is the total intensity without 

energy filtering, which is equivalent to the intensity of an entire EEL spectrum for a given collection 

semi-angle, . 

For the elastic scattering MFP, 𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐: 

𝑡

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐
= ln(

𝐼0

𝐼𝑢
)     

(1b) 

 

where 𝐼𝑢 is the image intensity of the un-scattered electrons, achieved by inserting the smallest objective 

aperture available (5μm in diameter), equivalent to 2mrad angular spread, to the zero-loss images. The 

combination of the 10eV energy slit and 2mrad objective aperture excludes the majority of both 

inelastically and elastically scattered electrons [36].  

The accuracy of this approach can be estimated, in the case of elastically scattered electrons, by the 

Wentzel model, presented in the supplementary information. For I0, the objective lens bore of the TEM 

[36] or the differential pumping aperture between the specimen chamber and the projector lens limits 

the collection angle of scattered electrons. In the case of the microscope used for this research, the angle 

limit is up to approximately 157mrad [23]. Thus, the largest error occurs for the larger electron 

wavelength (80keV energy) and highest effective atomic number (HfO2), resulting in up to 6% of the 

electrons that can be elastically scattered to an angle beyond 157mrad. For Iu, the smallest objective 

aperture is limited to approximately 2mrad. Thus, the largest error occurs for the smaller electron 

wavelength (200keV energy) and smallest effective atomic number (SiO2), resulting in up to 1% of the 

electrons that can be elastically scattered in this small angular range. For I0, some inelastically scattered 

electrons can enter the 10eV energy selecting slit, which we estimate at below 3%.[36] 
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Energy-filtered (EF) TEM thickness maps of areas with thicknesses between 0.2 and 1 t/IMFP of the 

thin film oxides were acquired for 80keV and 200keV electrons using a JEOL JEM 2010F TEM. The 

thickness maps were acquired with parallel illumination (0.2mrad), 10eV energy slit and collection 

semi-angles between 2 and 157 mrad using a US1000 CCD detector at the back of a Gatan Imaging 

Filter (Tridiem). To reduce beam damage and hydrocarbon contamination, some of the experiments 

were performed under sample cooling (temperature of ~90K), However, even at room-temperature 

measurements, investigating the EF-TEM images of the samples pre and post exposure show no 

evidence for hydrocarbon contamination build-up or shrinkage of the oxide films. 

For calibration purposes, the Inelastic MFP values of 200keV and 80keV electrons in crystalline Si(001) 

as a function of the spectrometer collection semi-angle were determined to an accuracy of a few 

nanometres. This calibration was performed as follows: Acquisition of EF-TEM thickness maps of 

several Si(001) samples prepared by Focused Ion Beam (FEI Helios NanoLab 460F1 DualBeam FIB) 

in order to achieve uniform sample thickness. Following this, direct thickness measurements by cross-

to-cross sectioning of the sample, again by FIB. Finally, the spectrometer collection semi-angles were 

calibrated using diffraction patterns from the Si substrate to determine the angular diameter of the 

objective apertures. (Supplementary – Fig. S1). 

The thickness and consequently the MFP values of the oxide films were determined at the Si/Oxide 

interface using the well calibrated Si Inelastic MFP values. The validity of this ratio method at Si/Oxide 

interfaces was verified by FIB perpendicular cross sectioning of Si/Oxide TEM samples. Examination 

in the TEM of these cross-to-cross sectioned samples proved the assumption of equal thickness of the 

Si substrate and the oxide film adjacent to the interface. For example, Fig. 2 shows a secondary electron 

(SE) scanning electron microscopy (SEM) image of such a sample.    

 

 

 

 

 

 

 

Figure 1. (Left) Schematic of a wedge TEM sample structure: The thin films are protected with a silicon, or a glass slide and 

the substrate is supported by an additional silicon wafer slide. (Right) Optical micrograph (bottom illumination) of a wedge 

TEM sample prior to ion polishing. The red hue indicates a silicon region of approximately 5μm thickness or less.  

 

 

 

 

 

 

Figure 2. SE SEM image of a cross-to-cross FIB section from a Si/SiO2/Ta2O5 sample. The sample thickness is uniform 

adjacent to interfaces, thus verifying extraction of MFP values by a ratios approach with respect to the calibrated silicon value. 
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Results and discussion 
1. Calibration: The inelastic MFP of silicon  

 The BF TEM micrographs in Fig.4 show examples of the layer arrangement of the investigated 

samples. Fig. (3a) shows a thermally oxidized SiO2 thin film on a Si(001) substrate, Figs. (3b) and (3c) 

show amorphous Ta2O5 and HfO2 films, respectively, deposited on a Si(001) substrate covered with 

PECVD SiO2 . 

 

 

 

 

 

 

 

Figure 3. BF TEM cross-sectional micrographs, overview of (a) dry-thermal SiO2 film (~330nm) grown on a Si (001) 

substrate, (b) Ta2O5 film (~250nm thick) deposited on a SiO2 (~100nm thick)/Si (001) substrate and (c) HfO2 film (~16nm 

thick) deposited on a CVD SiO2 (~55nm thick)/Si (001) substrate and capped with Al layer (approximately 60nm thick). 

The above-mentioned thin film oxides are deposited on high quality single crystal silicon substrates, as 

is the case for many devices [7,41–47]. Therefore, in the following implemented method, we obtain an 

accurate measurement of the Inelastic MFP of fast electrons in crystalline silicon using EF-TEM 

thickness mapping of FIB prepared Si samples with a range of thicknesses. These measurements are 

used as a built-in calibration reference for determining the thickness of the oxide films adjacent to the 

interfaces and consequently their inelastic and elastic MFP values.  

Fig. (4a) shows, as an example, SE-SEM images of a FIB prepared lamella of crystalline silicon covered 

with thermal SiO2. The sample was thinned using the Ga ion beam down to a thickness of approximately 

50nm as shown in the side view SE-SEM image in Fig. (4b). An accurate determination of the thickness 

was done using BF TEM (e.g., Fig.6a). A thickness map in units of Inelastic MFP using EF-TEM was 

acquired from each sample as seen for example in Fig. (5a). Average thickness profiles were acquired 

from the Si substrate adjacent to its interface with the oxide as shown in Fig. (5b). This was followed 

by preparation of a perpendicular FIB cross-section (cross-to-cross) from each sample for direct 

thickness measurements of the silicon substrate at the Si/Oxide interface as shown in Fig. (6a).  

 

 

 

 

 

 

  

Figure 4. (a) Top view and (b) side view of a SE SEM image of Si/SiO2 FIB prepared TEM sample with a nominal thickness 

of 50nm. (For accurate thickness measurement see Fig.6a). 
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Figure 5. (a) Thickness map in units of Inelastic MFP (~157mrad) obtained from Energy-filtered TEM measurements of a 

Si/SiO2 FIB cross-sectional sample (b) Average thickness profile (left to right) in units of Inelastic MFP acquired from the 

area denoted by the white rectangle (bottom to top) in (a), using an integration width equal to the width of the box. The average 

thickness profile of Si was acquired from the area denoted by the blue rectangle (the area is slightly distant from the sample 

edge and oxide interface to avoid imaging artefacts). 

The above procedure was carried out following measurements with 80keV and 200keV electrons and 

spectrometer collection semi-angles ranging from 2 to 157 mrad on three Si samples with different 

thicknesses. The varying thicknesses enable the extraction of the MFP values at improved accuracy, 

while reducing the contribution of the damaged outer layer, due to the FIB preparation process. The 

error was estimated from the standard deviation of the relative thickness (t/λinelastic) and the actual 

thickness measurements. In addition, system noise of up to 0.03 (t/λinelastic) for ~157mrad was estimated 

and accounted for by measuring an average thickness profile in the vacuum at a distance of several tens 

of nanometres away from the sample.   

The resulting Inelastic MFP values of crystalline Si (oriented close to Z.A [110]) are shown in Fig. (6b) 

and are summarized in Table 1. The measured values for 200keV electrons are consistent to previously 

reported values [15,16,23,31,48]. No previous reports for Inelastic MFP of 80keV electrons were found 

for comparison.  

  

 

 

 

 

 

 

 

Figure 6. (a) BF TEM micrograph of a Si/SiO2 perpendicular FIB cross-section (cross-to-cross) acquired from one of the 

samples previously measured using EF-TEM with 200keV electrons. The arrows represent the measurement of sample 

thickness and position of the EF-TEM measurements. This TEM micrograph enables calibrating the thickness maps by direct 

measurement of the Si substrate thickness. (b) Measured values of Inelastic MFP of 80keV and 200keV electrons in crystalline 

Si(close to Z.A. [110]) as a function of the spectrometer collection semi-angle (β). Dotted lines are guides for the eye.  

(b) 
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 Table 1. Inelastic MFP of crystalline Si (close to Z.A. [110]) measured for 200keV and 80keV electrons 
 as a function of the collection semi-angle (β) 

 157 mrad 36 ± 1 mrad  19 ± 0.5 mrad  2 ± 0.5 mrad  

Inelastic MFP  

at 200 kV (nm) 

145 ± 10  147 ± 9 155 ± 8         208 ± 15 

Inelastic MFP  

at 80 kV (nm) 

82 ± 4 86 ± 6 89 ± 5 125 ± 12 

 

2. Inelastic and Elastic MFP in oxide thin films 

Based on the calibration process described in the above section, we can determine the actual thickness 

of the Si substrate in any of the TEM wedge samples and consequently determine the thickness of the 

oxide film deposited on Si. As an example, Fig. (7a) shows an EF-TEM thickness map in Inelastic MFP 

units of a Si/SiO2/HfO2/Al TEM sample acquired using an energy slit of 10eV and collection semi-

angle of ~157 mrad (without an objective aperture). Using the Si Inelastic MFP calibration, the 

thicknesses of the Si substrate and adjacent oxide layers, were determined from the average thicknesses 

of the marked regions (1-4) (Fig. (7b)).  

Similarly, thickness maps in units of elastic MFP for electron scattering were generated from the exact 

same regions in each sample as shown, for example, in Fig. (7c, d). Dividing the thickness of every film 

by the average t/IMFP profile in each region enables the extraction of the Elastic and Inelastic MFP 

values of the oxide films as a function of the electron energy and collection angle.  

The TEM sample preparation technique adopted for these samples (see methods section), yields several 

vast electron-transparent regions with uniform thickness, each stretching for several microns along the 

Si-Oxide interface. Such large electron-transparent regions enable repeating the above procedure on 

many locations across each sample and thus averaging the measured thickness profile to improve the 

precision of the method.  

We note that the average t/IMFP values were not measured directly at the interfaces to reduce the effects 

of imaging artefacts due to imperfect image alignment and variation in the oxide film density close to 

the interfaces. Furthermore, for the IMFP measurements, we tilted the sample slightly away from zone-

axis at less than 2. Following this tilt, we did not notice effects of dynamical scattering near the 

Si/Oxide interface.  

When attempting to measure the Elastic MFP in the crystalline Si substrate, we did notice channeling 

and dynamical scattering effects. Therefore, we do not report Elastic MFP of crystalline Si. However, 

this lack of Elastic MFP calibration does not affect the measurements of the amorphous/polycrystalline 

thin-films, since the sample thickness is calibrated using the IMFP of Si near the interface. 
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Figure 7. (a) EF-TEM thickness map in t/IMFP units of a Si/SiO2/HfO2/Al wedge sample acquired using an energy slit of 

10eV and collection semi-angle of ~157 mrad. (b) Average thickness profile in units of Inelastic MFP acquired from the area 

denoted by the white rectangle in (a). The film thicknesses were calculated in areas (1-4) denoted by the blue rectangles using 

the Si Inelastic MFP calibration. (c) EF-TEM thickness map in t/EMFP units of the same sample acquired using an energy slit 

of 10eV and objective aperture of 2mrad. (d) Average thickness profile in units of t/EMFP acquired from the area denoted by 

the white rectangle in (c). The Elastic MFP values were extracted by dividing the average t/EMFP thickness profile in each 

area (denoted by the green rectangles) by the actual film thicknesses which was determined previously using the Si Inelastic 

MFP calibration. 

Fig. (8a, 8b) show examples of calibrated sample thicknesses with respect to the average t/IMFP 

thickness profile in CVD SiO2 and in Ta2O5, measured at different electron energies and collection semi-

angles. The plots were fitted linearly, and the intercept with the thickness axis (y-axis) was constrained 

at zero, in order to limit the influence of surface plasmons on the measured relative thickness of the thin 

regions on the sample (<0.4 t/λinelastic). The Inelastic MFP values were extracted from each of the slopes 

as shown in Fig. (8c).  

As examples of extraction of Inelastic MFP values, the measured λinelastic for 200keV electrons in SiO2 

is 170 ± 8nm and 178 ± 10nm for a collection semi-angle of ~157 mrad and ~19 mrad, respectively, 

in agreement with previously reported measurements and calculations [15,49,50]. For Ta2O5, the 

measured total (i.e., ~157 mrad) λinelastic was 128 ± 12nm and 84 ± 5nm for 200keV and 80keV 

electrons, respectively. These parameters have not been reported previously.  
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Figure 8. Thickness of the TEM sample in the region of (a) thermal SiO2 and (b) Ta2O5 thin films at different locations across 

each sample as a function of the measured t/IMFP of 200keV electrons for a range of collection semi-angles. From each slope, 

λinelastic is extracted for the specific collection semi-angle. (c) Measured values of Inelastic MFP of 80keV and 200keV electrons 

(λinelastic , λelastic) in thermal SiO2 and Ta2O5 thin films as a function of the collection semi-angle (β). Dotted lines are guides for 

the eye. 

This above procedure was repeated for all the oxide-thin films both for Elastic and Inelastic t/MFP 

thickness maps acquired for 80keV and 200keV electrons. The measured Inelastic MFP values for each 

oxide thin film as a function of the collection semi-angle (β) are shown in Fig.9. The total Elastic and 

Inelastic MFP values are summarized in Table 2 and Table 3, respectively. The value of λinelastic typically 

decreases to a steady-state value at collection semi-angles above 20mrad for all oxides with a steady 

decrease in the MFP as a function of the material density.  

The relative errors calculated for the Elastic and Inelastic MFP of the oxide films measurements are 5-

7% both for 200keV and 80keV electrons. These errors were calculated from the statistical standard 

deviation of measurements collected at different locations, typically 6-8, on the sample with varying 

thicknesses. We believe that this relative error can be further reduced by increasing the number of 

measured locations and thicknesses and by increasing the count rates using multiple EF-TEM exposures 

or alternatively, Scanning TEM EELS line scans across the sample.   

In addition, the Elastic and Inelastic MFP values for thermal SiO2 and CVD SiO2 are almost identical, 

which was expected due to the similarity of measured density and stoichiometry of both films. The total 

Inelastic MFP values for 200keV electrons in CVD SiO2 and for Al2O3 were also consistent with a 

previous report by Iakoubovskii [37].  

(a) (b) 

(c) 



 
 
 
 

11 
 

We note that the ZnO thin film was polycrystalline, as opposed to the other oxide thin-films which were 

amorphous. Nevertheless, we were able to extract the MFP values by averaging the thickness profile 

across large regions including many grain orientations, thus averaging contributions of dynamical 

scattering from grains oriented close to zone axis.  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 

 

 

 

 

 

 

Figure 9.  Measured Inelastic MFP values for 200keV and 80keV electrons in (a) TiO2 (b) Al2O3 (c) HfO2 (d) ZnO (e) CVD 

SiO2 and (f) Low-κ SiOCH as a function of the collection semi-angle (β). Dotted lines are guides for the eye. 
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Table 2. Total Elastic MFP values of 200keV and 80keV electrons in examined oxide thin films  

Oxide Density (g/cc) 
Elastic MFP -
200keV (nm) 

Elastic MFP - 
80keV (nm) 

SiO2 (Thermal) 2.2 ± 0.1 172 ± 10 107 ± 6 

SiO2 (CVD) 2.2 ± 0.1 173 ± 11 107 ± 5 

SiOCH (Low-κ) 1.5 ± 0.1 240 ± 16 133 ± 10 

Al2O3 3.2 ± 0.1 170 ± 8 111 ± 7 

TiO2 3.9 ± 0.1 106 ± 6 65 ± 4 

ZnO 5.6 ± 0.1 81 ± 10  56 ± 12 

Ta2O5 6.9 ± 0.1 46 ±4 31 ± 3 

HfO2 7.7 ± 0.1 50 ± 4 34 ± 4 
 

Table 3. Total Inelastic MFP values of 200keV and 80keV electrons in examined oxide thin films  

Oxide 
Inelastic MFP - 

200keV (nm) 
Inelastic MFP - 

80keV (nm) 

SiO2 (Thermal) 168 ± 8 100 ± 11 

SiO2 (CVD) 169 ± 8 105 ± 5 

SiOCH (Low-κ) 229 ± 10 138 ± 6 

Al2O3 144 ± 6 95 ± 5 

TiO2 130 ± 8 83 ±5 

ZnO 139 ± 10 90 ± 6 

Ta2O5 128 ± 12 84 ± 5 

HfO2 133 ± 7 78 ± 7 
 

The effect of sample cooling to liquid nitrogen temperature (~80K) on the MFP measurements is 

demonstrated in Fig. 10 for thermal SiO2 and Ta2O5. While thermal diffuse scattering is not expected 

to affect significantly these measurements, sample cooling was beneficial in reducing beam damage, 

especially at the lower electron energy of 80keV. Indeed, no significant effect on the measured Inelastic 

or Elastic MFP values was observed. 

 

 

 

  

 

 

 

 

 

Figure 10.  (a) Partial Inelastic (collection semi-angle of ~20mrad) and (b) Total Elastic MFP for 200keV and 80keV electrons 

as a function of sample cooling to liquid nitrogen temperature (~80K).   
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3. Comparison of measured Inelastic and Elastic MFP to models 

3.1 Inelastic MFP 

A semi-empirical model to calculate the Inelastic MFP was proposed by Malis et al. [18] and Egerton 

et al. [51] (Eq.2): 

𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
106𝐹 (

𝐸0

𝐸𝑚
)

ln (
2𝐸0𝛽

𝐸𝑚
)

 [𝑛𝑚] 
(2) 

 

Where 𝐸0 is the electron beam energy (keV), 𝐹 =
1+

𝐸0
1022

(1+
𝐸0
511

)
2  is a relativistic factor , 𝛽 is the collection semi-

angle (mrad) and 𝐸𝑚 is the most probable energy loss for inelastic scattering (eV), which can be 

estimated by [Eq. 3] [17]: 

𝐸𝑚 = 7.6𝑍0.36 (3) 

Where Z is the atomic number of the element under measurement. 

If the sample is a compound, then Z is replaced by an effective atomic number, 
∑ 𝑓𝑖𝑍𝑖

1.3
𝑖

∑ 𝑓𝑖𝑍𝑖
0.3

𝑖
, for which 𝑓𝑖 is 

the atomic fraction of element i in the material. [18] 

 

A second semi-empirical approach to estimate the Inelastic MFP, [Eq. 4], was introduced by 

Iakoubovskii et al. This model also accounts for the material density and the convergence angle of the 

incident electron probe [29]: 

𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
200𝐹𝐸0

11𝜌0.3ln {(𝛼2 + 𝛽2 + 2𝜃𝐸
2 + |𝛼2 − 𝛽2|)/(𝛼2 + 𝛽2 + 2𝜃𝐶

2 + |𝛼2 − 𝛽2|)𝑥 (
𝜃𝐶

2

𝜃𝐸
2 )}

 (4) 

 

Where 𝜌 is the sample mass density (
𝑔𝑟

𝑐𝑚3), 𝛼 is the beam convergence semi-angle, 𝜃𝑐 = 20𝑚𝑟𝑎𝑑 and 

𝜃𝐸 =
5.5𝜌0.3

𝐹𝐸0
 (𝑚𝑟𝑎𝑑) is the characteristic angle for scattering. 

 

Fig.11 shows a comparison of measured and calculated values of partial inelastic MFP (𝛽~20𝑚𝑟𝑎𝑑 

for 200kV and 𝛽~35𝑚𝑟𝑎𝑑 for 80kV) to the Malis and Iakoubovskii models. The Inelastic MFP values 

for 200keV electrons calculated using the Iakoubovskii model, [Eq. 4], which also considers the 

measured density of the material, were closer (average of 10% deviation) to the measured values in 

comparison to the Malis-Egerton model [Eq.2] (average of 27% deviation) confirming that density is a 

better predictor of MFP in comparison to the atomic number.  

In addition, except for TiO2, all calculated Inelastic MFP values were consistently lower than the 

measured values. Meltzman et al. [27] also report a similar trend, thus suggesting that these models 

underestimate the Inelastic MFP. 

The Inelastic MFP of electrons in low-κ SiOCH thin film was significantly higher than the predicted 

value from both models (>25% deviation for Iakoubovskii and >40% for Malis, for 200keV electrons). 

We assume that due to the structure of such oxides which include nanoscale pores, the density of the 

film extracted from XRR measurements was overestimated. 
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(a) (b) 

 

 

 

 

 

 

 

 

 

 

Figure 11. Measured vs calculated (Iakoubovskii[29] and Malis[18] models) partial Inelastic MFP values for (a) 200keV and 

(b) 80keV electrons in examined oxide thin films. The Inelastic MFP values were measured at a collection semi-angle of 

~19mrad for 200keV and ~35mrad for 80keV (Objective aperture of 60μm diameter). 

For 80keV electrons, we find a larger discrepancy between measured and calculated MFP values. This 

discrepancy can be expected considering that the Iakoubovskii model, [Eq.4], was developed 

empirically using measurements with 200keV electrons. The model suggests a simple relation for the 

Inelastic MFP with respect to density of 𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐  ~ 𝜌−0.3 included into the Kramers-Kronig method 

and inelastic cross-section [29]. However, further studies by Iakoubovskii et al. [37,52] show an 

oscillatory dependency of the Elastic and Inelastic MFP with atomic number.  

Due to these relatively large deviations between calculated and measured Inelastic MFP values, we 

establish new correlations between the total Inelastic MFP and mass density for 200keV and 80keV 

electrons for the oxides studied here, covering a wide range of Zeff and mass densities. These correlations 

were done by fitting of the measured total Inelastic MFP values to mass density, using a power law, 

incorporated into Iakoubovskii’s model [29]. We note that the obtained relations apply equally well to 

all spectrometer collection angles. 

We obtained a relation of 𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐  ~ 𝜌−0.21 ±0.017 and 𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐  ~ 𝜌−0.17 ±0.016 for 200keV and 

80keV electrons, respectively, as shown in Fig.12. This result is consistent with our measured Inelastic 

MFP values while the predictions of the Iakoubovskii model were consistently lower [29].  

 

 

 

 

 

 

 

 

Figure 12. Fitting (dashed lines) of the measured total Inelastic MFP values to mass density, using a power law, as suggested 

by Iakoubovskii’s model [29]. The same correlations to mass density were obtained for the various collection angles examined 

in this work. 
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3.2 Elastic MFP 
The total Elastic MFP and elastic scattering cross-section, 𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐, for large collection angles can be 

calculated based on the Wenzel and Lenz models for elastic scattering according to [Eqs. 5,6] 

[28,38,53,54]: 

𝜎𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
𝑍2𝑅2𝜆2 (1 +

𝐸
𝐸0

)
2

𝜋𝑎𝐻
2

[𝑚2] 
(5) 

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐 = 𝐴/(𝑁0 𝜎𝑒𝑙𝜌) [𝑚] (6) 

Where Z is the atomic number, R is the effective atomic radius (𝑅 = 𝑎𝐻𝑍−
1

3), 𝑎𝐻  is the Bohr radius 

(0.0529nm), 𝜆 is the incident electrons wavelength,  𝐸0 is the electrons rest energy (𝑚0𝑐2) = 

0.511keV, 𝐸 is the energy of the incident electrons ; 𝑁0 is Avogadro’s number, 𝜌 and 𝐴 are mass density 

and the average atomic mass of the material, respectively.  

If the sample is a compound, then Z is replaced by an effective atomic number, Zeff, according to  [Eq. 

7] for elastic scattering because experimental cross sections are reported to be closer to a Z3/2 

dependence [28,55].   

𝑍𝑒𝑓𝑓 = √∑ 𝑓𝑖𝑍𝑖
3/2

𝑖

3/2
 

(7) 

 

Where: 𝑓𝑖 is the atomic fraction of element i in the material. 

 

Fig.13 show the measured and calculated (Eq. 6) elastic MFP values for 200keV and 80keV electrons 

in the studied oxide thin films. The average deviation between measurement and model is ~20% and 

33% for 200keV and 80keV electrons, respectively.   

   

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 13. Total elastic MFP values, 157mrad, (Wentzel model)[38] of (a) 200keV and (b) 80keV electrons in examined 

oxide thin films.  
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To improve the prediction accuracy for a selected range of atomic numbers of the studied oxides, we 

adopt a parametrized functional method of Zhang et al. [28] in which a generalized expression for the 

effective atomic radius is proposed ]Eq.8[ :  

𝑅 = 𝑥1𝑎𝐻𝑍𝑥2 (8) 

Where 𝑥1 𝑎𝑛𝑑 𝑥2 are determined by fitting the measured Elastic MFP data using [Eq.9] which combines 

[Eqs.6 and 8]: 

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐 =
𝐴𝜋

𝑁0𝜌𝑥1𝜆2 (1 +
𝐸
𝐸0

)
2

𝑍𝑒𝑓𝑓
2(1+𝑥2)

 (9) 

Fig. 14 show a linear regression fitting of log-log plot of the 
𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝜌

𝐴
 data as a function of the 𝑍𝑒𝑓𝑓for 

200keV and 80keV electrons for the examined oxide thin films. 𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐 is the measured total elastic 

MFP values; 𝜌 and 𝐴 are the mass density [
𝑔𝑟

𝑐𝑚3] and average molar mass [
𝑔𝑟

𝑚𝑜𝑙
], respectively. 

The intercept and slope for each electron energy are shown in the inset. Hence our proposed Elastic 

MFP relations for oxides are [Eq.10] and [Eq.11] for 200keV and 80keV electrons, respectively: 

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑛𝑚) =
104∗𝐴𝑒−3.41

𝜌
𝑍𝑒𝑓𝑓

−1.15
  (For 200keV electrons)  (10) 

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑛𝑚) =
104∗𝐴𝑒−4

𝜌
𝑍𝑒𝑓𝑓

−1.08
  (For 80keV electrons) (11) 

 

 

 

 

 

 

 

 

 

 

 

Figure 14. Linear regression fitting of log-log plot of measured 
𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐𝜌

𝐴
 as a function of the 𝑍𝑒𝑓𝑓for 200keV and 80keV 

electrons in the examined oxide thin films. 
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4. Inelastic to Elastic MFP ratio 

The Inelastic to Elastic MFP ratio is important for determining optimal sample thickness for structural 

characterization of amorphous thin films such as short-range order [34]. In addition, modeling this ratio 

as a function of atomic number can be used to estimate the mean atomic number of the examined 

material or to estimate the dominant mechanism for radiation damage due to the electron beam, namely 

atom displacement or radiolysis [35,36]. 

The ratio of Inelastic to Elastic MFP can be estimated using an empirical relation [53], which is 

proportional to the atomic number of the material, Z/20. Accordingly, we would expect elastic 

scattering to be the less dominant process in oxides such as SiO2 with Zeff ~10 in comparison to a more 

significant elastic scattering component in oxides such as Ta2O5 with Zeff ~ 33. 

The total Inelastic MFP measured at a collection semi-angle of ~157 mrad was compared to the total 

Elastic MFP in all oxide thin films for both electron energies. This is shown for an example in Fig. 15 

for thermal SiO2 and Ta2O5.  

 

 

 

 

 

 

 

 

 

Figure 15.  Thickness of the TEM sample in the region of (a) thermal SiO2 and (b) Ta2O5 thin films at different locations across 

each sample as a function of the measured t/EMFP and t/IMFP (200keV electrons, β~157mrad). The total MFP values were 

extracted from each slope and highlighted in each of the plots.     

The Inelastic MFP to Elastic MFP ratio for all oxide thin films as a function of the effective atomic 

number (Zeff) and density (𝜌) are shown in Fig. 16.  

For oxides with smaller Zeff, such as SiO2 and Al2O3, the λinelastic / λelastic ratio approaches 1, while oxides 

with large Zeff such as HfO2 and Ta2O5 exhibit significantly larger λinelastic / λelastic ratios, approaching 2.5. 

As expected, for larger Zeff and 𝜌, we measure a decrease in the Elastic MFP in comparison to the 

Inelastic MFP, suggesting that elastic scattering is the more dominant event for heavier oxides. The 

measured Inelastic MFP to Elastic MFP ratio for oxides is parameterized in [Eq.12] and [Eq.13] for 

200keV and 80keV electrons, respectively. 

 

 

 

λinelastic = 128 ± 11 nm 

λelastic = 46 ± 4 nm 
λinelastic = 170 ± 8 nm 

λelastic = 172 ± 10 nm 

(a) (b) 
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𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
≈

𝑍𝑒𝑓𝑓

16
  (For 200keV electrons) (12) 

𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
≈

𝑍𝑒𝑓𝑓

17
  (For 80keV electrons) (13) 

 

 

 

 

 

 

 

 

Figure 16.  Total inelastic to Elastic MFP ratio for 200keV and 80keV electrons as a function of (a) the effective atomic number 

(Zeff) and (b) the mass density, 𝜌.   

We propose an additional experimental relation for the Elastic/Inelastic MFP ratio using the density, in 

units of (
𝑔𝑟

𝑐𝑚3), of the oxide, as expressed in [Eq.14] and [Eq.15] for 200keV and 80keV electrons, 

respectively. This model can be used for estimating Inelastic/Elastic MFP ratio of oxides for the density 

range of 2.2 − 7.7(
𝑔𝑟

𝑐𝑚3
). The low-κ SiOCH was not included in the development of [Eqs.10-15] due to 

its complex composition and porosity which warrants a separate study. 

𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
≈

𝜌

2.7
  (For 200keV electrons) (14) 

𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐 (𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)

𝜆𝑒𝑙𝑎𝑠𝑡𝑖𝑐(𝑚𝑒𝑎𝑠𝑢𝑟𝑒𝑑)
≈

𝜌

3.1
  (For 80keV electrons)  (15) 
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Summary 

We measured the Elastic and Inelastic Mean Free Paths for 200keV and 80keV electrons in 

technologically important oxide thin-films: SiO2 (Thermal, CVD), low-κ SiOCH, Al2O3, TiO2, ZnO, 

Ta2O5 and HfO2.  

The MFP values were measured using the log-ratio method applied to EF-TEM and BF TEM images, 

combined with a wedge TEM sample preparation technique. The actual thicknesses of the samples were 

calibrated using the Inelastic MFP of the crystalline Si substrate as a function of electron energy and 

collection semi-angle (Table 1, e.g., total Inelastic MFP for 200 keV electrons of 145 ± 10nm).  

The measured total Elastic and Inelastic MFP values of the examined oxides are presented in Tables 2 

and 3, respectively. The measured Inelastic MFP values as a function of collection semi-angles are 

presented in Fig. 8c, and Fig. 9.  

Comparison of model data to the experimental measurements show that the Iakobouskii's approach [26] 

is more accurate (10% average deviation) compared to the Malis approach (>27% deviation) for 200keV 

electrons [18]. Calculated MFP values based on both approaches were consistently lower than the 

measured values, with the exception of TiO2. 

Based on our measurements, we propose a modified function of the mass density incorporated into the 

Iakoubovskii Inelastic MFP relation, which achieves improved accuracy for oxides: 

𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐  ~ 𝜌−0.21 ±0.017 and 𝜆𝑖𝑛𝑒𝑙𝑎𝑠𝑡𝑖𝑐  ~ 𝜌−0.17 ±0.016 for 200keV and 80keV electrons, respectively. 

These new relations reduce the average deviation from experimental measurements to ~5% in 

comparison to the larger deviation of the Iakoubovskii model (~10% and 17% for 200keV and 80keV 

electrons, respectively). Furthermore, we propose a more accurate model for Elastic MFPs of oxides, 

Eqs. [10,11] for 200keV and 80keV electrons, respectively, which results in lower average deviations 

from measurements of ~10% and 15% in comparison to the Wenzel model, ~20% and 33%. 

We examined the ratio of Elastic to Inelastic MFP in oxides, which is important for structural 

characterization [34] and for assessing electron beam radiation damage [35]. The total Elastic to 

Inelastic MFP ratios for 200keV and 80keV electrons were fitted to the effective atomic number, Zeff, 

as ≈
𝑍𝑒𝑓𝑓

16
 and ≈

𝑍𝑒𝑓𝑓

17
 , respectively; and to the mass density (, gr/cm3) as ≈

𝜌

2.7
   and  ≈

𝜌

3.1
, respectively. 

These relations do not include the low-κ SiOCH due to its porous structure which requires a separate 

study. 
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Supplementary Information  

Calibration of the collection semi-angle,   

The EEL spectrometer collection semi-angle,  , is determined by the objective aperture. An example 

for the calibration of the angular diameter of the objective apertures using electron diffraction patterns 

from the underlying silicon substrate is shown in Fig. S1. The measured collection semi-angles  were 

in the range between 2 and 157 mrad as summarized in Table S1. A collection semi-angle of ~157 

mrad applies to the removal of the objective apertures, such that the angle is limited by the objective 

lens bore [36] or the differential pumping aperture (between the viewing chamber and the projector 

lens) of the JEOL JEM 2010F TEM [23].  

 

 

 

 

 

 

 

 

 

Figure S1. TEM selected area diffraction pattern from the crystalline silicon (001) substrate, oriented to [110] zone axis. The 

schematic rings represent the objective apertures #1-4 and their respective angular diameter. 

Table S1. Angular diameter (mrad) of objective apertures measured at 200 and 80kV acceleration voltage 

 Measured collection semi-angle  (mrad) 

Acc. Voltage 

Objective Ap. #1 

Diameter = 

120μm 

Objective Ap. #2 

Diameter = 

60μm 

Objective Ap. #3 

Diameter = 

20μm 

Objective Ap. #4 

Diameter = 

 5μm 

200 kV 36 ± 1 19 ± 1 6.7 ± 0.5 2 ± 0.5 

80 kV 69 ± 2 35 ± 1 12.1 ± 0.5 3.5 ± 0.5 

 

Composition of oxides - X-ray Photoelectron Spectroscopy 

Calculated MFP values using the Wentzel and Iakoubovskii models for elastic and inelastic scattering, 

respectively, both require the composition, namely the effective atomic number, Zeff, and the mass 

density, 𝜌, of each material. The composition of each oxide thin-film was determined using the ratio 

between the different oxidation states shown in the deconvoluted XPS spectra. For example, Fig. S2 

show deconvoluted high energy-resolution XPS spectra of the TiO2 thin-film. The intensity ratio 

between the Ti3+ and the Ti4+ oxidation state peaks is ~ (4.6:1), hence the estimated composition of the 

film is TiO1.9. The measured elemental ratio of the studied oxide thin films is summarized in Table S2. 
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Figure S2.  XPS high energy-resolution spectra of Ti 2p binding energy acquired from the TiO2 thin-film sample. The area 

under the curve (total peak intensities) for each of the deconvoluted peaks is shown in the inset. The measured intensities 

enable calculation of the oxidation states ratios and the average film composition. 

 

Table S2. Measured elemental ratio of the studied oxide thin films 

Oxide 
TiO2 HfO2 ZnO Ta2O5 Al2O3 SiO2(thermal) SiO2(CVD) SiOCH 

(Low-κ) 

Elemental 

ratio 

Ti:O 

1:1.9 

Hf:O 

1:1.9 

Zn:O 

1:1 

Ta:O 

2:5 

Al:O 

2:3 

Si:O 

1:2 

Si:O 

1:2 

Si:O:C 

1:2:1 

 

Mass density – X-ray Reflectivity 

The mass density of the oxide thin films was determined using XRR measurements. This was executed 

using fitting softwares (Global fit 2.0 and SmartLab studio II by Rigaku) as shown for example for TiO2 

in Fig. S3. 
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Figure S3.  Measured and calculated normalized X-ray reflectivity vs total reflection angle (2θ) acquired from a TiO2/SiO2/Si 

sample. Inset table summarizes the film thickness and density values that yield the best fit for the critical reflection angle and 

the X-ray reflection oscillations. 

Experimental errors in determining the MFP from the log ratio approach  

Experimental errors for [Eqs.1a and 1b] may result due to several factors, such as [36]: 

(a) Scattered electrons that do not reach the detector (limited angular range of the detector). 

(b) Small angle elastically scattered electrons that enter the 2mrad objective aperture. 

(c) Inelastically scattered electrons that enter the energy selecting slit. 

We estimate of the experimental errors based on the Wenzel model for elastic scattering: 

𝜎𝑒(𝛼)

𝜎𝑒
= (1 + 𝑞−2𝑅−2)−1 (S1) 

 

Where 𝜎𝑒(𝛼) is the scattering cross-section up to the collection angle (𝛼),  𝑞 =
4𝜋

𝜆
sin (

𝛼

2
) , 𝜆 is 

the electron wavelength, 𝑅 = 𝑎/𝑍
1

3 is the Bohr radius and Z is the effective atomic number of the 

compound. 

The expected errors due to factor (a) for each Zeff for 200keV and 80keV electrons, in this case, 𝛼 is 

the objective lens bore (semi-angle of ~157mrad) is summarized in Table S3: 

Table S3 

 

 

 

 

 

θc 

Layer Thickness (nm) Density (gr/cm3) 

TiO2 19 ± 2 3.95 ± 0.1 

SiO2 57 ± 2 2.2 ± 0.1 

Si Substrate 2.3 ± 0.1 

 

Zeff 200keV 80keV

10.14 1% 3%

13.64 1.30% 3.50%

20.60 1.70% 4.50%

33.55 2.30% 6%

37.50 2.50% 6.50%
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The expected errors due to factor (b) for each Zeff for 200keV and 80keV electrons, in this case, 𝛼 is 

the smallest available objective aperture of ~2mrad for 200kV and ~3.5mrd for 80kV, is summarized 

in Table S4: 

Table S4 

 

 

 

Zeff 200keV 80keV

10.14 1.50% 1.60%

13.64 1.20% 1.35%

20.60 0.95% 1.00%

33.55 0.67% 0.75%

37.50 0.63% 0.69%


