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Abstract 

In this Internal Report are discussed important physical considerations for the modeling of Angle 

Resolved X-Ray Photoelectron Spectroscopy (ARXPS) data for multilayer conformal films.  It 

describes a self consistent analysis method (Multilayer Method, or MLM) that properly deals with 

a number of issues that have prevented a richer use of the technique.  The MLM is the heart of 

XPSGeometry®, a software that has been employed in a number of ARXPS studies.  The method 

addresses simple issues such as the use of the electron transport parameters corresponding to the 

material in each layer, an important condition for quantitative analysis that is usually neglected.  

The ARXPS technique has a limit on the number of structural parameters that it can determine, and 

this limit is imbibed in the algorithms.  The composition of the film is not imposed but 

quantitatively assessed from the calculations.  It also allows for a meaningful estimation of the 

uncertainties on the structural parameters found by the technique.  Some issues involving common 

practices in this field are also discussed. 

I. Introduction 

I.1. The ARXPS Problem 

Films of thickness in the nanoscale are nowadays widely employed in a variety of products such 

as electronic devices (as dielectric insulators in MOS structures), hard drives (as protective films), 

and MEMS (as lubricants).  Their performance is highly influenced not only by the composition 

of the film, but also by the distribution of the elements throughout the film thickness.  Monitoring 

the composition profile requires metrology techniques allowing for its assessment as a function of 

the processing parameters.  Angle resolved X ray photoelectron spectroscopy (ARXPS) is ideal 

for films thin enough that allow for the collection of signals from the substrate, that is, for films 

with thicknesses up to about 9 nm.  The XPS spectrum for each core level for each element in the 

film could be composed by more than one peak due to spin-orbit splitting (i.e., doublets for p, d 

and f core levels), multiplet structure (usually in transition metals) or to different chemical 

environments (oxidation degree).  An example of the latter is the O 1s spectrum from a 

HfO2/SiO2/Si(001) film which is composed by two peaks (species), one corresponding to oxygen 

in SiO2 and another to oxygen in HfO2.  Likewise, a Si 2p spectrum from a silicon substrate with 

a thin oxide layer is composed by two doublets, one from the substrate and the other from the 

oxide.  The depth profile information is contained in the dependence on the photoelectron take-off 

angle of the peak area for each species.  This dependence is going to be referred as the “ARXPS 

data”.  The assessment of the structure of the film from the ARXPS data is going to be referred as 

the “ARXPS Problem.”   

The ARXPS Problem is ill-conditioned in the sense that a single ARXPS data set might correspond 

to a large number of different depth profiles.  That is, the ARXPS data cannot be directly “inverted” 

to assess the depth profile.  In fact, the maximum number of structural parameters (or depth profile 

parameters) that could be extracted from ARXPS data is three, even when the number of angles 
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employed to generate the ARXPS data is larger than three [1].  There is a clear consensus about 

the potential of the technique for the characterization of thin films [2].  However, the precise way 

to exploit this technique, as well as the actual amount of information that it can provide, has not 

yet reached such wide concordance.  It is generally agreed that the thickness of simple overlayers 

(such as a single oxide on a parent element) could be obtained fairly accurately with ARXPS (see 

Cumpson’s contribution in Reference [2]).  There are species from which no prior or little 

knowledge exists about its concentration-depth profile.  For these situations it has been proven that 

the determination through ARXPS data of the depth profile holds a large uncertainty [1].  An 

intermediate case is represented by films composed by a series of layers with abrupt interfaces.  

This is an important case because many systems of industrial interest usually lie under this 

category.  For these cases, there is an agreement in that the amount of information that could be 

obtained with ARXPS is fairly large.   

I.2. Common analysis methods of ARXPS data 

Some ARXPS studies might be used to just qualitative determinate the relative depth of the 

different species, without assessing the amount of material in each layer [3].  Other studies 

employing the Maximum Entropy (ME) method [4,5] sins from getting out more information than 

that inputted into the analysis, violating a basic principle of conservation of information.  Other 

problems that are intrinsic to the Maximum Entropy method are 1) that the algorithm employed 

imposes the composition of the film in the sense that the balance of anions and cations is forced to 

be stoichiometric at all times during the data fitting, and 2) that the modulation with layer 

composition of the effective attenuation length cannot be considered in the analysis [6].  Therefore, 

the ME method can only qualitatively assess the composition depth-profile of films.   

It is a common practice to employ photoemission signal normalized by sensitivity factors [7] to 

assess the composition of surfaces.  This requires the use of reference materials with known surface 

composition.  This is a difficult task because there is no other technique as sensitive to the surface 

composition as XPS.  Although the bulk composition of reference materials can be characterized 

with high accuracy, it is still necessary to assume that its surface composition is the same as the 

bulk material, which is rarely the case.  Another shortcoming of the sensitivity factor method is 

that they are not transferable unless the composition is very similar to the sample under study.  The 

most important issue is that the method cannot be applied when the surface composition is not 

homogeneous but consisting of a series of layers, such as adventitious carbon and a surface oxide 

layer.   

I.3. The MultiLayer Method 

In this report it is described an analysis method applicable to conformal multilayer films with 

abrupt interfaces.  It is going to be referred as MultiLayer Method or MLM.  As described below, 

it enjoys a number of advantages over the methods currently employed: 
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• It properly deals with the ill-conditioned nature of the ARXPS Problem by parameterizing the 

depth profile of each species as a layer (“square profile”).  Since the number of parameters 

required to define a layer is three (depth, thickness and density), it also complies with the 

restriction on the maximum number of parameters that can be determined from ARXPS data 

[1].  

• The analysis is done individually for each species.  The identification of a compound in the 

film is done a-posteriori, only when the coincidence between the depths of certain species has 

been established from the analysis.  The composition is then calculated from the relative 

concentrations, without the need of forcing it to stoichiometric values.  This allows for the 

assessment of changes on composition caused by sample processing.   

• The analysis is self consistent because the algorithm allows for the use of the proper electron 

transport parameter (effective attenuation length, EAL) as the electrons travel through the 

different layers.  This is of special importance because the EAL depends strongly upon the 

material through which the generated photoelectrons travel.  In contrast, in the ME method the 

film is considered as a continuum in which the composition varies smoothly with depth, not 

allowing for the incorporation into the analysis of the dependence of the attenuation length on 

layer composition.  For this reason alone, the quantitative depth profiles obtained through ME 

are questionable (see C.R Brundle’s contribution in Reference [2]).   

• The MLM method allows for a meaningful assessment of the uncertainties on the structural 

parameters (thickness and composition of the layers).  Calculating uncertainties in the ME 

method is not possible because the solutions are very unstable, leading to artificially large 

numbers.  With the MLM method, it is possible to determine, for example, the desirable degree 

of accuracy of the electron transport parameters (this will be the subject of another report). 

II. Assessing chemical composition through the peak intensity 

II.1. Basic concepts 

We are interested in the intensities of the photoemission peaks of the elements present in the 

surface because these intensities are the base for the method employed for calculating chemical 

composition through XPS.  The reason the intensities of the peaks are employed in the calculation 

of the composition is that they are the part of the spectrum that is easiest to theoretically model.   

It is important to clearly define what it is meant by a photoemission peak.  The spectrum from a 

core level consist of peaks and background.  Each peak is constituted by core-photoelectrons that 

do not suffer a single inelastic scattering event while traveling through the solid and are detected 

by the spectrometer.  It might consist by two S-O branches (for p, d and f orbitals), contain 

multiplet structure (common in transition metals) and satellites.  A spectrum of a core level might 

contain Auger peaks of an element present in the surface.  The rest of the signal is the background.  

At least part of the background consists of core-photoelectrons or Auger electrons that did loose 
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energy through inelastic scattering (i.e., Tougaard background [8]), although it might contain 

contributions from other sources (the physical origin of the Shirley part of the background is under 

discussion [9]).   

 

Figure 1. Physical model for the peak intensity.  R is the distance that the photoelectron has to travel before 

reaching vacuum; it is equal to z/sin. 

Core-photoelectrons are those originated from the photoelectric phenomenon consisting on the 

absorption of an impinging photon by one core electron.  For homogeneous materials, the peak 

signal originated at depth z can be easily written in terms of physical parameters such as the 

photoelectric cross section ( d d  ) and the effective attenuation length ( ) as follows: 

( ) ( ) ( ), ,S
S S S S

d
dI c dz hv A K P K z

d


 =


 

where (IS) is the peak intensity from chemical species S, S  is the atomic density (so the product 

( )analysis areaS dz    is the amount of material in the slab of thickness dz), A is the efficiency 

of the spectrometer (it depends on the kinetic energy, K, of the electron), and c is an overall 

constant, the same for all chemical species, that includes the photon flux and other geometrical 

factors such as the analysis area.  ( ), ,SP K z   is the probability that a photoelectron of energy K 

travels a distance R ( = z/sin ) through the material without collisions; it is readily given by the 

Beer-Lambert factor: 

( ), , exp
sin

S

S

z
P K z 

 

 
= − 

 
, 

Integrating on z assuming a continuous atomic distribution (described below), we obtain a very 

simple expression for the peak intensity: 

e 

R 
dz 

hv 

 

core photoelectron 
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Eq. 1 ( ) ( ) ( ), sin
d

I C hv A K
d


    =


. 

Eq. 1 represent a set of equations that are extensively used in composition calculations of 

homogeneous samples.  The way this analysis can be extended to multilayered nanofilms is the 

subject of this Report.   

II.2. Physical parameters employed in the calculations 

 

III. The equations for the MultiLayer Method 

III.1. The discrete density-approach 

The quantification through ARXPS of the chemical composition and distribution requires the prior 

knowledge of core level photoemission cross sections, which were assessed in the 79s and 80’s 

[10], as well as electron attenuation lengths [11].  In the last decade there has been significant 

progress towards the understanding of the scattering events of electrons inside solids and, as a 

result, the attenuation length values can be found in tables for most materials  [11].  In this section 

it is derived an expression for the photoelectron intensity proper for layered films.    

According to the escape depth theory of photoemission [12], the probability that a photoelectron 

from an atom of specie S generated at depth z traveling towards the spectrometer does not suffer 

any inelastic scattering event is given by the Beer Lambert-type factor of the following form: 

( )
( )0

'
exp

' sin

z

S

dz
P z

z 

 
=  

 
 

 

where z is the depth, S  is the effective attenuation length (“escape depth”), and   is the takeoff 

angle.  This is also known as the attenuation factor.  This expression considers that the parameter 

S  can vary as a function of depth because the layers composing the film are constituted by 

different materials.  Although this consideration is commonly overlooked in ARXPS studies, it is 

of fundamental importance for quantitative analysis.  When the specie S is distributed in the solid 

with a depth profile (atomic density as a function of depth) described by G(z), the total signal is 

given by  

Eq. 2 ( ) ( ) ( )
( )0 0

'
, exp

' sin

z

S
S S

S

d dz
I C A K dzG z

d z


 

 

  
=  

     . 

Although in many studies the depth profile is considered as continuous, it is more precise to treat 

it as discrete because the core levels considered are localized close to the atomic nucleus.  The 
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(discrete) depth profile for specie S located in a locally crystalline structure can be written in terms 

of its depth ( )a
S

d , thickness ( Sd ), and atomic surface concentration ( Ss ), as follows: 

Eq. 3 ( )

0

1

2

S Sd a

a
S S S S

n

G z s z d n a

=

   
= − + +   

   
 ,    

where Sa  is the atomic plane spacing.  The ratio SS ad  corresponds to the number of atomic 

planes in layer S.  The term 1/2 has to be added because the first atomic plane is located 1/2 of a 

monolayer below the interface (or surface).  Under this profile, Eq. 2 can be expressed as follows: 

Eq. 4 
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1 exp
sin 2

, exp
sin
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Sd S S
S S S
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− − 

  = − 
    − − 

 

 
 −  

 


 

where iS ,  is the attenuation length of the photoelectrons from species S as they travel through 

layer i in its way to the surface, so the last factor is the attenuation caused by the material above 

the layer S.  The other factor represents the sum of the signal from the atomic planes in layer S.  

This expression also works for the substrate species by considering that =Sd .  The super index 

d in ( )d

SI   stands for “discrete”.   

For crystalline materials, Ss  and Sa  can be easily calculated if the orientation is known.  For 

amorphous materials (e.g., sublimated films and oxide layers), the local structure is still ordered, 

but the orientation changes from one position to another.  For these cases, we employ the following 

approximations: 

Eq. 5 2 3

S Ss    and   1 3

S Sa  − , 

where S  is the bulk atomic density.  It might be that these approximations are exact for the case 

of completely random orientations, although this still has to be proven.   

III.2. The continuous density-approach 

Since in most studies the atomic density distribution is treated as continuous, this section is 

dedicated to compare both approaches, discrete and continuous.  In the latter instance, the depth 

profile can be written in the following way 
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a
S
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SS

c
S

ddzdc

zG

, 

where Sc  is the average density and is equal to SS as .  The equivalent to Eq. 4 for the continuous 

case is the following: 

Eq. 6 ( ) ( )

layers

above S

,i

sin , 1 exp exp
sin sin

c S S i
S S S S

S S
i

d d d
I c A K

d


    

   

   
= − − −           

  

The super index c in ( )c
SI   stands for “continuous”.  This expression could be exactly recovered 

from Eq. 4 by considering that 1SSa  , that is, by considering that the atomic plane spacing 

is much smaller than the effective attenuation length.  Physically, this corresponds to a continuous 

distribution of atoms in the scale of the attenuation length.  The error incurred by employing this 

approximation is smaller for larger attenuation lengths.   

Eq. 4 is almost as easy to use as Eq. 6 in practical applications.  In fact, the software 

XPSGeometry® [13], which is employed for depth profile calculations from ARXPS data, is based 

in this equation (most of the published work of this group about ARXPS studies employs 

XPSGeometry, that is, are based in Eq. 4).  However, Eq. 4 requires the knowledge of two 

parameters for the density (the atomic surface concentration, Ss , and the atomic plane spacing, 

Sa ), while Eq. 6 only requires one (the atomic density,  , which is equal to S Ss a ).  Since the 

numerical results are practically the same (within the uncertainty limits), Eq. 6 is considered in the 

following sections.   

III.3. The normalizing alternative of the MLM 

In most cases, the angular dependence of the transmission function is usually unknown.  As shown 

in Section III.5, ( ),SA K   can be written as ( ) ( )K SA K A  , a function of the kinetic energy 

times an angular function.  Therefore, even without knowing its angular dependence, Eq. 6 can be 

applied in a normalized version as follows: 
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where subs
cI  is the intensity of the peak chosen for normalizing; it usually corresponds to a 

substrate peak.  Many terms cancel, including the angular dependence of the transmission function.  

The resulting equation is the following.   

Eq. 7 
( )
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Eq. 7 is the simplest expression for assessing the structure of multilayered films from XPS data 

and can be solved in a spread sheet.  For this reason, and because the knowledge of ( )A   un 

unnecessary, the normalizing alternative of the MLM is widely employed.  Although it has the 

advantage of not depending on ( )A  , normalizing introduces larger uncertainties especially for 

angles for which the signal from the substrate is weak.  There is a method, described below 

(Section III.4) and in Reference [14], that overcomes this issue; it requires extra work, but it is 

highly rewarded with robustness and precision.   

III.4. Accounting for the dependence on position of the X-ray flux and spectrometer 

efficiency: the integrating alternative of the MLM 

Both the X-ray flux (X) and the electron analyzer efficiency (A) depend on position.  For 

monochromatized X-ray sources, the beam narrows and the flux increases near the focal point 

(waist) in a way described in Figure 2.  The efficiency of the spectrometer has a similar behavior.   
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Figure 2. Diagrammatic representation of the position dependence of the X-ray intensity and of the 

efficiency of the spectrometer in a typical XPS equipment.  The red line is the region where the 

X-ray beam and the analysis volume of the spectrometer overlap with the sample surface.  For a 

focusing monochromatized source, the intensity of the X-ray can be represented by two opposing 

cones resulting in a “waist” at the X-ray focal spot.  The cone angle and the size of the waist 

depend on the monochromator and could be found in the user manual of the XPS equipment.  The 

efficiency of the electron spectrometer could be viewed in the same way, but in addition to the 

cone angle and focal spot size, the acceptance angle of the analyzer should also be specified.  

Although the parameters shown in the figure (cone angle, waist size and acceptance angle) are 

approximately provided by the vendor for both the analyzer and the X-ray source, their values 

should be experimentally characterized for each instrument for a proper quantitative ARXPS 

analysis.  The protocol for performing this characterization is described in detail in Reference [14].   

The red line in Figure 2 is the region where the X-ray beam and the analysis volume of the 

spectrometer overlap with the sample surface, i.e., it represents the sampling area.  Since the X-

ray flux and spectrometer efficiency vary within this area, Eq. 6 should be rewritten to account for 

their dependence on position in the following way: 

Eq. 8 

( ) ( ) ( )2

layers

above S

2

,i

, ', ' sin ' , , , '

1 exp exp '
sin sin

c S
S S S S

S i

S S
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d
I d dr C X A K
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d d
d dr


       


   

=


   
 − − −          



r r r

, 

where   is now the nominal take-off angle, '  is the actual take-off angle, X is the X-ray flux and 

dr2 is a differential portion of the sampling area.  In contrast with the constant c in Eq. 1, C does 

not longer contain the sampling area and the X-ray flux.  The actual measured intensity (IS
T,c) is, 

in fact, an integration of Eq. 8 on the overlap on the sample surface with the X-ray beam and with 

the spectrometer analysis volume (red region in Figure 2): 

sample

cone angle

x-ray

an
al
yz

er

spot size at 

the focal point

intensity of 

the x-ray
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Eq. 9 ( ) ( ), 2

sample acceptance
surface     angle

' , ',T c c
SSI dr d I   =   r  

The integration in Eq. 9 can be done numerically employing XPSGeometry®, a software 

developed specifically for this purpose [13].  The convenience this method is that, in contrast with 

the method described by Eq. 7, it does not require normalizing, decreasing the uncertainties and 

increasing the robustness of the analysis.   

III.5. The “angular dependence” of the transmission function  

Under the approach described in last section (Section III.4), it is possible to predict the angular 

dependence of the signal, which, in some way, could be viewed as the angular dependence of the 

spectrometer transmission function.  The efficiency of the analyzer can be approximated as a 

product of functions in the following way: 

Eq. 10 ( ) ( ) ( ) ( ), , , ' 'S K SA K A K A f   = −rr r  

where KA  is the dependence of the transmission function on electron kinetic energy, Ar  is its 

position dependence (described by the Gaussian curves in Figure 2), and f is a function that decay 

depending on the acceptance angle of the electron analyzer (i.e., on the spectrometer’s lens setup).  

The integration in Eq. 9 requires a detailed knowledge of the geometrical parameters of the 

instrument, such as of the spread of the X-ray beam, the shape of the analysis volume of the 

spectrometer, and, very important, the sample height and the axis of rotation of the sample 

manipulator.  These parameters are described in Figure 3. 
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Figure 3. The origin, represented by the cross at the center of the figure, is defined as the center of the waist 

of the analyzing volume of the spectrometer.  In this case, the center of the waist of the X-ray 

beam is also located at the origin.  The sample height is the difference between the sample surface 

and the origin in the Z-direction (the reference frame is indicated at the top-right).  The axis of 

rotation of the manipulator, represented by the black dot, is a key factor for the angular 

dependence of the sampling area, which in turn strongly affect the angular dependence of the 

signal.  The sample surface is also drawn after a 45° rotation around the rotation axis.   

The intensity of the photoemission signal depends strongly on the axis of rotation and sample 

height.  This is a way of saying that the angular dependence of the spectrometer transmission 

function depends on those geometrical parameters.  ( )K SA K  can be factored out from the integral 

in Eq. 9, and the integral involving ( ) ( )'A f  −r r  can be viewed as the spectrometer angular 

transmission function.  In this case, Eq. 1 can be rewritten as follows: 

( ) ( ) ( ) ( ) sinK

d
I C hv A K A

d



    =


 

The application of this factorization to the normalizing method is described in Section III.2.  The 

application to the integrating alternative (Section III.4) modifies Eq. 8 (and Eq. 9) as follows:  

Eq. 11 
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This is the numerical integral carried out by the software XPSGeometry®.  Although the 

normalizing alternative is very practical, the integrating alternative of the MLM is, by far, the 

preferred method when the relevant geometrical parameters of the equipment (see Figure 3) have 

been characterized (as described in Reference [14]).  When only one angle has been considered 

during data acquisition, there is no advantage on using the integrating alternative.  

IV. Application of the MLM to actual systems 

As mentioned above, there are two ways to apply the MLM to the analysis of ARXPS: the 

normalizing alternative, described by Eq. 7, and the integrating alternative, described by Eq. 11.  

It is an iterative process (for both alternatives) that can be divided in various steps: 1) developing 

a physical model (i.e., order of the layers and composition) based on previous information, 

2) assessment of the thicknesses of the layers employing the ARXPS from the cations, and 

3) assessment of the composition by employing the ARXPS data from the anions.  The process is 

iterative because, when the composition of the layers is found, new EALs are inputted and the 

calculations redone.  The process converges in three or less iterations (we have never found the 

need to use four iterations; usually, one or two are enough).   

IV.1. Physical model 

a. Proposing a physical model 

As an illustration with real data, let us consider that shown in Figure 4.  It corresponds to an ALD 

hafnia layer grown on top of a thermal oxide layer, which in turn was grown on a Si(001) wafer 

previously cleaned with the RCA method.   
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Figure 4. XPS data for a sample consisting of HfO2 deposited on top of 1nm of SiO2 grown on a Si(001) 

substrate.  The core levels considered are a) Si 2p, b) O 1s, c) Hf 4f, and d) C 1s.  The take-off 

angle dependence of the area of each peak is shown in the inserts.  The lines correspond to the 

theoretical prediction employing the integration approach (using the software XPSGeometry), 

which is based on Eq. 11. 
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With this information and from the angular behavior of the data [3], it is natural to propose a 

structure of the type shown in Figure 5.  The top surface contains at least six chemical species: 

bulk silicon, silicon and oxygen in SiO2, hafnium and oxygen in HfO2, and adventitious carbon.  

(There might be an intermixing layer between the silica and the hafnia layers [15], but it will not 

be considered in this Report.)  The spectra from four core levels (Si 2p, Hf 4f, O 1s, and C 1s, see 

Figure 4) were employed to assess the structure.   

 

Figure 5. Proposed physical model for the multilayered nanofilm employed to analyze, under the MLM, 

the data shown in Figure 4. 

The validity of the physical model can be verified when angle-resolved data is acquired, as in this 

case.  There is no way to check it when only one angle is considered during data acquisition.  For 

conformal layered films it is straightforward to find out the arrangement of the compounds from 

the slope of the ARXPS data [3].  As a rule, the larger the dependence on the take-off angle (i.e., 

the larger the slope) of the peak area, the deeper is the location in the film.   

Under the normalizing alternative, Eq. 7 represent a set of equations, one for each chemical species 

except for that chosen for normalizing.  In this particular case, there are five equations for each 

angle corresponding to the six minus one chemical species.  Since six angles were considered, the 

total number of equations is 30.  The unknowns are, in principle, nine: the six atomic densities, the 

thicknesses of the three layers.  However, some assumptions (described in Section IV.5) have to 

be made regarding the atomic density of the cationic species, decreasing the number of unknowns 

to six.   

Under the integrating alternative, Eq. 11 also represent a set of equations, one equation for each of 

the six chemical species for each angle.  Since, in this case, six angles were employed, the total 

number of simultaneous equations is 36.  Under the integrating alternative, the unknowns are, in 

principle ten: the six atomic densities, the thicknesses of the three layers, and the constant C.  

Likewise, required assumptions about the cationic atomic densities (described in Section IV.5) 

decreases the number of unknowns to seven.  This alternative is employed for the following 

analysis. 
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b. Checking the validity of the proposed model 

It is actually not necessary to check the consistency of the order of the layers with the data because 

there is information about the sample processing.  Just as an academic illustration, this is done in 

this section.  Figure 6 shows the data (dots) for the cations (Hf 4f and Si 2p).  Two scenarios are 

considered, one with the expected order of layers and another in which the hafnia is below the 

silica.  The solid lines are the predicted dependence according to the structure shown in the inserts 

using the integrating alternative.  It is clear that the arrangement of the layers can be easily obtained 

by comparing the prediction of the models with the experimental data.  

  

Figure 6. The order of the layers is easily obtained from the take-off angle dependence of the peak areas 

for Hf 4f and Si 2p.  a) The solid lines are the theoretical predictions according to the integrating 

alternative (Eq. 11) employing the model of the insert.  b) The lack of consistency of the 

predictions with the data right away discards the model of the insert. 

IV.2. Assessment of the thicknesses of the layers 

For the first iteration, the values for the atomic composition and for the atomic densities has to be 

assumed.  The assumed composition of the layers for the first iteration are those shown in Figure 5.  

It is very safe to assume that the atomic density of silicon in the substrate corresponds to the bulk 

density.  Although the atomic densities of silicon in the silica layer and of hafnium in the hafnia 

layer depends on the processing, they are assumed to be equal to the corresponding bulk values.  

Only the data and equations corresponding to the four cationic species (silicon in the substrate, 

silicon in silica, hafnium in hafnia, and carbon in the adventitious layer) are employed to calculate 

the thickness of the three layers (and of the constant C).  Therefore, 24 equations are used to 

determine four unknowns.  The lines in Figure 7 correspond to the following solution: 
2SiOd

= 12Å, 
2HfOd = 2.5Å, and Cd = 2Å.   
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Figure 7. The lines for correspond to the theoretical prediction, under the integrating alternative of the 

MLM, of the angular dependency of the peak intensity of core levels considered in the analysis.  

The parameters employed for the calculations are shown in Table 1.   

Table 1. Parameters employed in calculation of the structure of the multilayer nanofilm under the 

MultiLayer Model.   

Core 

Level 

Asymmetry 

Factor 

β a 

Cross 

Section σ a 

b

4
d

d




  

Effective Attenuation 

Length (Å) c 

Si 

Bulk 
SiO2 HfO2 C 

Si 2p 1.025 0.011 0.00875 29.2 35.2 17.2 33.4 

Hf 4f 1.046 0.1108 0.087   18 35 

O 1s 2 0.04 0.0236  25.5 12.5 24.4 

C 1s 2 0.013 0.00806    29.5 
a From Reference [16]. 
b From Reference [17]. 
c From Reference [18]. 

IV.3. Assessment of the composition of the layers 

The composition of the silica and hafnia layers are obtained from assessing the atomic density of 

the oxygen species.  (The stoichiometric coefficients for the chemical composition of each layer 

is given by the ratio of the atomic densities of the species present in that layer.)  The remaining 12 

equations are used to assess these two unknowns.  The results for the composition are SiO2.05 and 

HfO1.65.   

IV.4. Iteration process 

The following step is to recalculate the EALs (shown in Table 1) in accordance to the results on 

the composition.  However, no additional iterations are required for this particular case because 

the found compositions are close enough to the assumed compositions (shown in Figure 5).  The 

results corresponding to recalculating the EALs are undistinguishable from those shown in 

Figure 7.   
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IV.5. Assumptions on the atomic densities of the cationic species 

ARXPS is not directly sensitive to the atomic density, but to the product S S  .  The value of S  

depends on S  and on the atomic density of the other chemical species present on that layer: when 

the atomic densities decreases, S  increases [19].  Therefore, it is not possible to correct the initial 

assumptions (made in Section IV.2) on the atomic densities of the cationic species.   

V. Additional remarks 

V.1. Rugosity 

The film chosen consist of a hafnia layer grown by ALD on a silica layer thermally grown on a 

Si(001) substrate.  This is a good approximation to a multilayer conformal film since a thermally 

grown silica film could be very uniform, and the ALD technique provides for very uniform films.  

Rugosity does not plays a significant role; it would only be important if the angles involved were 

considerable.   

V.2. The relevance of high resolution in XPS data 

It is almost always convenient to count with high resolution XPS data.  The XPS data for Si 2p, O 

1s, Hf 4f and C 1s is shown in Figure 4.  The clear definition of the Si 2p1/2 and 2p3/2 branches for 

the bulk peak (Figure 4a) is a sign of high resolution.  The high resolution is only crucial for the 

deconvolution of the O 1s peak because the two peaks composing the spectra lie very close to each 

other relative to the peak widths.  In contrast, the two peaks composing the Si 2p spectra (substrate 

and oxide) are separated enough to allow for their easy deconvolution even if lower resolution is 

employed during data acquisition.  However, the data for all the core levels should be obtained 

with the same resolution to allow for a meaningful comparison of their relative intensities.  This 

comparison is required for the assessment of the density (or width) and composition of the different 

layers constituting the film. 

V.3. XPS data fitting 

As described elsewhere [20,21], it is convenient to employ a simultaneous fitting algorithm to 

robustly deconvolve the two peaks in the O 1s spectra.  In this way it is possible to find the take-

off angle dependence of each component (see the insert in Figure 4b).  It should be mentioned that 

in most of the reports about this type of samples, the oxygen signal is not deconvolved into the 

two peaks shown in Figure 4b, and only deals with the total O 1s area.  Employing simultaneous 

fitting algorithms in high resolution data doubles the amount of information extracted from the O 

1s data.  Without this deconvolution it would not be possible to assess the composition of the 

silicon oxide and hafnium oxide layers.   
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The result from this fitting is the ARXPS data, that is, the take-off angle dependence of the peak 

areas shown in the inserts.  From the dependence shown in the insert of Figure 4b, it is clear that 

the oxygen 1s peak at 532.5eV is positioned deeper than the peak at 531.3eV, suggesting right 

away to which layer each component belongs.   

V.4. Identification of compounds and correlation of structural parameters 

The next step is to assign the anion peaks to the different layers.  In this case there is only one 

anion (oxygen).  However, the O 1s spectra have two peaks, so the task consists in finding out the 

proper assignation of each of the two peaks of oxygen to the different layers.  This is done in the 

same way, that is, by comparing different scenarios and deciding which one is more consistent 

with the data.  This is illustrated in Figure 8, where each one of the oxygen peaks is assigned in 

different ways.  The scenario corresponding to the Figure 8b is clearly more consistent with the 

data than that in Figure 8c.  The consistency between the theoretical and experimental take-off 

angle dependence of each peak is an independent criterion to assign the O 1s component at 

532.5eV to silica and that at 531.3eV to hafnia.  There are two more reasons to believe the scenario 

in (b).  The first, which is very important, is that the binding energy of the oxygen peaks makes 

sense [22].  The other is that the wrong assignation of the peaks represented in (c) results in 

completely wrong stoichiometry for both compounds.   



20/25 

 

Figure 8. The task of assigning the two oxygen peaks (a) to the different layers could also be done by 

comparing the experimental take-off angle dependence with predictions made under different 

assumptions (b and c).  It is clear that the experimental data is consistent with the assignations 

described in (b).  The binding energy of the peaks also makes sense since the peak at 532.5eV is 

associated to oxygen in SiO2, and the peak at 531.3eV to oxygen in HfO2 [23].  In addition, the 

scenario shown in (c) yields to unphysical stoichiometries.  

A total of six species have been considered, two from silicon (bulk and Si+4), one from hafnium 

(Hf+4), two from oxygen (O in SiO2 and O in HfO2) and one from carbon.  Each species is modeled 

as a layer so requires two structural parameters (depth and thickness, except for the bulk, which 

thickness is known).  The total number of free parameters is 11.  However, it is possible to make 

a number of correlations.  For example, the depth and thickness for Si+4 could be correlated to the 

depth and thickness of the oxygen specie with binding energy 532.5eV.  It is also necessary to 

consider that the lower end of a layer coincides with the upper end of following layer.  At the end 

there are only three free parameters, which are the thickness of the carbon, hafnium oxide, and 

silicon oxide layers.   
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V.5. Consistency with the electron transport parameters 

The compounds identified are SiO1.98 and HfO1.61.  Both are close enough to stoichiometric silicon 

and hafnium oxide that it is possible to consider as so.  Then, the electron transport parameters 

(effective attenuation length) employed in the calculations are those corresponding to these 

compounds.  This is of special importance since, as shown in [19], the effective attenuation length 

depends strongly upon the material through which the generated photoelectrons travel.   

V.6. Self-consistent determination of the thickness of the layers 

a. Obtaining the structure from fitting 

As mentioned at the end of Section V.4, after all the correlations have been made the structural 

parameters that require being determined are the thicknesses of the carbon, hafnia and silica layers.  

These parameters could be chosen in such a way to better reproduce the experimental data.  The 

comparison between the theoretical and experimental data for this case is shown in the Figure 9a.   

Although the fit is good, the density of the materials differs from the expected bulk values.  For 

silica the density is 3.2 times larger, which is a completely unphysical value.  In addition, this is 

an inconsistency in the model calculations because the electron transport parameters depend on 

the density of the material.  In fact, the calculations for the attenuation lengths takes into account 

the density of the material [19].  If the density increases the attenuation length decreases 

accordingly, and vice versa.  If it were going to be considered that the density of the material differs 

from the bulk value, then, the attenuation lengths should be recalculated and the thicknesses 

estimated again.  This would lead to new thicknesses and new densities, an iterative process that 

do not converge.  The physical reason for this lack of convergence is that the ARXPS technique 

cannot assess the density of the materials: a layer twice thicker but half denser would induce the 

same attenuation on the photoelectron signal, and the take-off angle dependence would be 

indistinguishable from each other.   
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Figure 9. Comparison between the theoretical and experimental data for which the thickness of the different 

layers were fitted to better reproduce the experimental data.   

b. Obtaining the structure by forcing consistency on density 

The only way to solve this problem is to force the density of the materials to the bulk value, which 

is the value that is employed to estimate the attenuation lengths.  In this way the calculations are 

self-consistent since the electron transport parameters employed do correspond to the materials in 

the different layers.  The diagram in Figure 7 shows the structure that is obtained in this way.  The 

thickness of the silica layer had to be increased in a factor close to the prior overestimation of the 

density.   

The composition of the layers found with the self consistent model is HfO1.65 and SiO2.05, 

respectively.  The deviation of the composition of the hafnia from stoichiometric values might be 

due to the fact that a good percentage of the oxygen bonded to a hafnium atom is bonded to a 

silicon atom.  This is because the thickness of the hafnia is less of a monolayer.  An O 1s peak 

associated to Si-O-Hf bonding was not found in the O 1s XPS spectra.  A possible explanation is 

that this peak is closer to that associated to Si-O-Si, and could not be deconvolved from it.  In fact, 

the ratio of the total cation atoms (Si+4 + Hf+4) to the total number of oxygen atoms is 1.97, or 2 

within the uncertainty.  This is remarkably close to the expected charge balance.   

V.7. Some other important analysis issues 

a. Fitting versus self-consistency: the ill-conditioning nature of the ARXPS Problem 

The theoretical prediction consistent with density does also reproduce very well the experimental 

data.  In fact, the Hf 4f “fit” is better in this case.  This is a good example of the ill-conditioned 

nature of the ARXPS Problem: both of the structures shown in Figures 9 and Figure 7 reproduce 

fairly well the experimental data.  However, one of them, that in Figure 9, corresponds to 

unphysical values of the density and the results are not self-consistent with the calculations (a 

deviation on the density requires the recalculation of the attenuation lengths).  The consistency of 
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the physical model should be preferred over the optimization of the fit.  This behavior is well 

known in ARXPS analysis since it has been observed that allowing the structural parameters to 

vary freely can yield to unphysical structures.   

b. Normalization by the bulk data 

As mentioned in Section I, in many ARXPS studies the ARXPS data is normalized to the bulk data 

in an attempt to cancel out the angular issues described in Section III.3.  However, this approach 

directly leads to an increase of the uncertainties because the error on the determination of the bulk 

peak area should be added to the corresponding error for each species.  For films thicker than 4nm 

the attenuation of the bulk signal compromises the accuracy of its peak area, especially for 

shallower angles. 

The second problem associated to employing ratio data is related to modeling.  As mentioned in 

the beginning of the Section III.4, there are a number of issues not included in the model, such as 

rugosity and lack of uniformity.  In addition, the precise value for the electron transport parameters 

depends on the detailed structure of the film.  The experimental data could be reproduced only up 

to a certain degree.  The treatment of the bulk signal is not an exception; there are slight deviations 

from the predicted value.  Dealing with ratio data requires not only a close modeling of the take of 

area of the specie in question, but also a close modeling of the bulk data.  The ratio approach 

imposes stronger requirements on the quality of the model.   

Another important observation is that the silicon bulk signal is not as closely reproduced in the 

Figure 7 as it was in the Figure 9.  The conclusion is that the “correct” physical model is not 

necessarily the model that better reproduce the bulk data, or better, the model that best reproduce 

the bulk peak is not necessarily physical.  Fitting the structural parameters to better reproduce the 

ARXPS data and employing ratio data are two widely employed practices that could yield to 

misguided results 

VI. Conclusions 

The most important conclusion is that through ARXPS it is possible to obtain very detailed 

information of the composition and thickness of each layer in multilayer conformal films with 

abrupt interfaces.  (The film should be thin enough to allow for a clear XPS signal from the 

substrate.)  The most important issues that should be addressed to obtain quantitative information 

are the following: 

• The attenuation length employed should correspond to the material of the layer. 

• The depth profile should be modeled with a minimum of parameters, three at the most. 

• Independent extra information has to be employed to complement the ambiguity originated 

from the ill conditioned nature of the ARXPS Problem.  The expected density of the material 

of each layer is a piece of such extra information.  The structural parameters of the different 
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layers should be consistent with the corresponding density employed to assess the attenuation 

lengths. 

• Fitting the structural parameters to better reproduce the experimental data is not the most 

appropriate approach because it could lead to unphysical structures.  The structure should be 

obtained by comparing different arrangements consistent with the data and choosing the 

scenario that better reproduce the data. 

• Dealing with data that has been divided by the area of the bulk peak could lead to appreciable 

errors.  It is more convenient to treat the areas of the peaks directly. 

• The theoretical model should consider a discrete density.  The error of considering a continuous 

distribution could be very important. 

• The theoretical prediction should include the effect of the geometrical parameters of the XPS 

tool (e.g., the size of the focal spot of the electron analyzer).  Those parameters should be 

previously characterized and included in the numerical calculations of the total intensity.   

In this report it was presented a method (Multilayer Method) that allows for the proper treatment 

of all these issues.  The software XPSGeometry® incorporates these considerations into numerical 

calculations.   
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