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Nitorgen depth profiling in a high-k gate stack structure, SiON/HfO2/SiON/Si(001) was 

performed by high-resolution Rutherford backscattering spectroscopy (HRBS) in 

combination with angle-resolved X-ray photoelectron spectroscopy (AR-XPS).  The 

nitrogen depth profile is determined so that both the HRBS spectrum and the angular 

dependence of the XPS yield are reproduced.  The obtained nitrogen profile is 

compared with the result of high-resolution elastic recoil detection (ERD) which is the 

most relaiable technique for depth profiling of light elements.  The agreement between 

the result of the present combination analysis and that of high-resolution ERD is fairly 

good, showing that the present combination analysis is a promising method for the 

analysis of light elements. 
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1. Introduction 

High-resolution Rutherford backscattering spectroscopy (HRBS) is becoming 

popular in various research fields and industries, especially in the micro-electronics 

industry.  It allows non-destructive and quantitative analysis with a depth resolution 

better than 1 nm without any special sample pretreatment [1].  Although HRBS has 

many advantages, there are, of course, some drawbacks.  For example, HRBS cannot 

analyze chemical states.  In this respect, angle-resolved X-ray photoelectron 

spectroscopy (AR-XPS) can be a good complement to HRBS [2].  Recently, we 

developed a combination analysis of HRBS and AR-XPS which is able to perform 

precise depth profiling of chemical states [3].  In this method, both HRBS and 

AR-XPS measurements are performed with the same sample.  The attenuation lengths 

λ for the photoelectrons are determined so that the composition depth profiles obtained 

by HRBS reproduce the AR-XPS result.  Depth profiles of chemical states are then 

derived so that both AR-XPS and HRBS results are reproduced.   

In our previous paper, we assumed that the escape probabilities of 

photoelectrons emitted at a depth x without inelastic scattering, which is called the 

depth distribution function (DDF), can be given by a simple exponential function  
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where θe is the emission angle measured from the surface normal.  When θe exceeds ~ 

60°, however, this simple formula cannot be used due to the influence of elastic 

scattering, especially at a large x [4].  As a result, the data observed at θe > 60° cannot 

be used in AR-XPS analysis.  The data at θe > 60° are, however, crucial for accurate 

AR-XPS analysis [5].  Therefore, Eq. (1) should be improved to include the influence 

of elastic scattering for the precise AR-XPS analysis.   

There is a database for calculation of DDFs, which was published by the 

National Institute of Standards and Technology (NIST) [6].  The database is based on a 



3 

 

solution of the kinetic Boltzmann equation within the so-called transport approximation 

[7].  Accordingly, the effects of the elastic scattering on DDFs are taken into account.  

We have recently demonstrated that the DDFs calculated by the NIST database are 

reliable in a wide range of θe up to 80° by comparing the photoelectron yields calculated 

with the NIST database and the observed AR-XPS results [4].  If the NIST database is 

used instead of Eq. (1), AR-XPS analysis can be improved by including the important 

data observed at θe > 60°.  By combining this improved AR-XPS with HRBS, much 

more precise depth profiling can be performed. 

In this paper, the combination analysis of HRBS and the improved AR-XPS is 

applied to nitrogen depth profiling in SiON/HfO2/SiON/Si(001).  Depth profiling of 

light elements is generally difficult for many surface analysis techniques including 

HRBS, especially light elements in heavy matrices.  The most reliable technique for 

depth profiling of light elements is high-resolution elastic recoil detection (ERD), 

although it is one of the most expensive techniques requiring a rather big accelerator 

and a sophisticated spectrograph [8].  The nitrogen profile obtained by the present 

combination analysis is compared with the result of the high-resolution ERD to examine 

the accuracy of this combination analysis.   

 

2. Experimental 

 A gate stack structure, SiON/HfO2/SiON/Si(001) was prepared by the 

following procedures.  A 1.6-nm-thick SiON layer (referred to as interface SiON 

layer”) was grown by a direct plasma nitridation on a cleaned 200 mm Si(001) wafer.  

A 2.5-nm-thick HfO2 layer was then deposited using atomic layer deposition (ALD) at 

300ºC on the SiON/Si(001).  On top of the HfO2 layer, a third layer of Si3N4 (nominal 

thickness ~ 0.5 nm) was grown by chemical vapor deposition (CVD).  This third layer 

is expected to be oxidized in the air (referred to as “surface SiON layer”).  As a result, 

SiON/HfO2/SiON/Si(001) structure was formed.  The thickness uniformity of the 
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prepared layer was examined by ellipsometry.  The measured standard deviation of the 

thickness was ~ 2%.  The prepared Si wafer was divided into small pieces of 15 × 15 

mm
2
, and these pieces were measured by HRBS and AR-XPS. 

The details of the HRBS measurement were described elsewhere [1].  Just 

briefly, the sample was irradiated by a beam of 400 keV He
+
.  The beam size and the 

typical beam current were ~ 2 × 2 mm
2
 and ~ 50 nA, respectively.  Energy spectra of 

He
+
 ions scattered at 50° were measured by a 90° sector magnetic spectrometer which 

was equipped with a one-dimensional position-sensitive-detector (100 mm in length) 

consisting of micro-channel plates and a resistive anode.  The energy window of the 

spectrometer was 25% of the central energy and the energy resolution was 0.1%.   The 

typical measurement time was 15 min.  During the measurement of the “random” 

spectrum the sample was rotated around the axis of the surface normal to avoid the 

channeling/blocking effects.  In addition to the random spectrum, the [111] axial 

channeling spectrum was also measured to reduce the Si substrate signal.  The 

reduction of Si signal allows precise measurements of light elements (oxygen and 

nitrogen in the present case). 

 AR-XPS measurements were performed using a Theta Probe (Thermo Fisher 

Scientific Inc.) equipped with an Al Kα source.  This instrument allows us to collect 

AR-XPS data in parallel without tilting the sample.  Photoelectron spectra of Hf 4f, Si 

2p, O 1s and N 1s were measured at emission angles, θe, from 20° to 80° with respect to 

the surface normal.  Shirley background subtraction and peak fitting were used when 

extracting photoelectron yields.   

 

3. Results and discussion 

3-1. HRBS measurements 

The observed HRBS spectrum for SiON/HfO2/SiON/Si(001) is shown by open 

circles in Fig. 1 (the incident angle is 50.2º with respect to the surface normal).  The 
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arrows show the energies of He ions scattered from constituent atoms (Hf, Si, O, and N) 

located at the surface.  A large peak seen at ~ 390 keV corresponds to Hf in the HfO2 

layer and a small peak at ~ 360 keV corresponds to Si in the surface SiON layer.  A 

plateau-like spectrum, which starts at ~ 350 keV and extends to lower energies, 

corresponds to the substrate Si.  The signals of oxygen and nitrogen overlap with this 

substrate Si spectrum.  Due to this overlapping, precise analysis of these light elements 

is rather difficult.  In order to reduce this difficulty, the incident He
+
 beam was aligned 

to the [111] channeling direction.   

The filled circles show the observed [111] channeling spectrum (only the 

energy region less than 370 keV is shown because the Hf spectrum is essentially the 

same as the random spectrum).  Compared with the random spectrum, the Si signal is 

significantly reduced and the oxygen peak is clearly seen at ~ 330 keV.  There is a 

small broad peak at ~ 315 keV which corresponds to nitrogen in the interface SiON 

layer.  The nitrogen in the surface SiON layer, however, accidentally overlaps with the 

trailing edge of the oxygen peak.  Nevertheless, the oxygen trailing edge is very 

smooth and no clear signature of the surface nitrogen is seen.  This suggests that the 

concentration of nitrogen is negligibly small in the surface SiON layer.  Therefore, the 

observed HRBS spectra were analyzed assuming that there is no nitrogen in the surface 

layer.  The composition depth profiles were derived so that the profiles reproduce both 

the random and channeling spectra.  The best fit results are shown by dashed lines in 

Fig. 1 and the obtained compositional depth profiles are shown in Fig. 2.  Due to the 

above assumption the obtained nitrogen profile may have a large error while the profiles 

of other heavy elements should be much accurate.  It should be noted that RBS can 

provide a depth scale in units of areal density (atoms/cm
2
).  This depth scale was 

converted into nm using the atomic density of HfO2 (8.3 × 10
22

 atoms/cm
3
) and the 

converted scale is indicated in the upper abscissa.  Because the sample is not pure 

HfO2 this scale is just a guide.   
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3-2. AR-XPS measurements 

The same sample was measured by AR-XPS with Al Kα X-ray.  The observed 

photoelectron yields were normalized by the cross sections and the effect of the 

asymmetric parameter was also corrected.  The ratios of the corrected photoelectron 

yields, Hf4f/Si2p, O1s/Si2p and N1s/Si2p are shown as a function of θe in Fig. 3.   

 

3-3. Combination analysis 

The DDFs for Hf4f, Si2p, O1s and N1s photoelectrons in HfO2 were calculated 

by the NIST database.  Using these DDFs the θe-dependence of the photoelectron 

yields were calculated.  In the calculation, the HRBS profiles shown in Fig. 2 were 

used.  The calculated result (dashed lines) is compared with the observed one in Fig. 3.  

Although the calculated yield ratios, Hf4f/Si2p and O1s/Si2p, agree with the observed 

ones fairly well, there is a large discrepancy in N1s/Si2p.  Recalling that the HRBS 

profiles other than nitrogen are accurate, the good agreement for Hf4f/Si2p and 

O1s/Si2p indicates that the DDFs calculated by the NIST database are reliable in the 

present case as was demonstrated in the previous study [4].  The large discrepancy for 

N1s/Si2p could be ascribed to the possible error in the nitrogen profiling in the present 

HRBS analysis.  The calculated N1s/Si2p ratio is five times smaller than the observed 

result at θe ~ 20° and the discrepancy becomes larger with θe.  This indicates that the 

assumption of no nitrogen in the surface SiON layer, which was used in the HRBS 

analysis, is not correct.   

Now we will search the composition depth profiles so that both HRBS spectra 

and θe–dependences of the photoelectron yields can be reproduced.  The profiles 

shown in Fig. 2 were used as the initial profiles in the fitting procedure and only oxygen 

and nitrogen profiles were allowed to be changed because the HRBS profiles of Hf and 

Si should be accurate.  The best fit results are shown by solid lines in Figs 1 and 3.  
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Although the difference from the previous result is very small for the HRBS spectra (the 

result of the random spectrum is not shown because the difference is smaller than the 

thickness of the line), the improvement for AR-XPS is significant (the result for 

Hf4f/Si2p is not shown because it is exactly the same as the previous result shown by a 

dashed line).   

The obtained composition depth profiles are shown in Fig. 4.  There is a small 

nitrogen peak at the surface.  By integrating the nitrogen profile from 0 to 1.5 × 10
16

 

atoms/cm
2
, the amount of nitrogen in the surface SiON layer is estimated to be 3.9 × 

10
14

 atoms/cm
2
.  This is much smaller than the nominal nitrogen density, 3 × 10

15
 

atoms/cm
2
, calculated with the nominal thickness (0.5 nm) of the grown Si3N4 layer (the 

density 3.4 g/cm
3
 was used for Si3N4).  On the other hand, the amount of Si in the 

surface layer is estimated to be 1.6× 10
15

 atoms/cm
2
 (estimated by integrating the Si 

profile from 0 to 1.5 × 10
16

 atoms/cm
2
), which is close to the nominal Si density, 2.2 × 

10
15

 atoms/cm
2
 in the grown Si3N4 layer.  This suggests that the accuracy of the 

present combination analysis is not good for nitrogen depth profiling.       

In order to estimate the accuracy of the present combination method, the 

sample was also measured by high-resolution ERD using a Q3D magnetic spectrograph 

at the Munich 14 MV tandem accelerator [8].  The high-resolution ERD is one of the 

most reliable techniques for depth profiling of light elements, although it is a very 

sophisticated technique requiring a rather big facility.  The obtained nitrogen profile is 

shown by a dotted line in Fig. 4, which is in good agreement with the HRBS profile.  

This clearly indicates that the present combination analysis is a promising method for 

the accurate analysis of light elements.   

Both HRBS and high-resolution ERD indicate that the amount of the nitrogen 

in the surface SiON layer is almost one order of magnitude smaller than the designed 

value.  This nitrogen reduction could be related to the growth mechanism of Si3N4.  

When a Si3N4 film is grown on a Si substrate the surface of the Si3N4 film is covered by 



8 

 

a thin Si layer of ~1 × 10
15

 atoms/cm
2
 [9, 10].  This surface Si layer is oxidized upon 

exposure to air.  The thickness of such a SiO2 layer is ~ 0.5 nm, which is almost equal 

to the nominal thickness of the present Si3N4 layer.   If a similar surface Si layer was 

formed during the preparation of the present Si3N4 layer on HfO2, the final structure of 

the sample should be SiO2/Si3N4/HfO2/SiON/Si(001).  When the thickness of the Si3N4 

layer was estimated by ellipsometry, formation of such a SiO2 layer was not taken into 

account.  Accordingly the thickness of the actual Si3N4 layer should be much thinner 

than the nominal thickness in consistent with the present result.  Looking at the 

nitrogen and oxygen profiles more closely (see Fig. 4), the surface nitrogen has a peak 

at ~ 0.5 nm while oxygen has a peak at the surface.  This confirms above explanation, 

a very thin Si3N4 layer is covered by a SiO2 layer of ~0.5 nm.  

 

4. Conclusion 

A new method of the combination analysis of AR-XPS and HRBS was 

proposed for analysis of light elements.  The method was applied to the analysis of the 

Hf-based gate stack structure, SiON/HfO2/SiON/Si(001).  The nitrogen signal in the 

surface SiON layer accidentally overlaps with the trailing edge of the oxygen peak in 

the HRBS spectrum, which makes accurate nitrogen analysis difficult.  In combination 

with AR-XPS, the nitrogen depth profile was derived from the measured HRBS spectra 

through spectrum simulation.  The obtained nitrogen profile was in good agreement 

with the result of high-resolution ERD, showing that the proposed combination method 

is a promising method for the analysis of light elements.   
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Figure captions 

Fig. 1 Random (open circles) and [111] channeling (solid circles) spectra of 

SiON/HfO2/SiON/Si(001).  Only the energy region lower than 370 keV is shown for 

the channeling spectrum.  The arrows show the energies of He ions scattered from 

constituent atoms (Hf, Si, O, and N) located at the surface.  The dashed line shows the 

best-fit result obtained by spectrum simulation without surface nitrogen.  The solid line 

shows the best-fit result obtained by the combination analysis of HRBS and AR-XPS.   

 

Fig. 2 Composition depth profiles of SiON/HfO2/SiON/Si(001) derived from the HRBS 

spectra shown in Fig. 1 assuming that there is no nitrogen in the surface SiON layer.    

 

Fig. 3 Comparison between experimental (symbols) and calculated (lines) AR-XPS 

results for SiON/HfO2/SiON/Si.  The θe-dependence of the photoelectron yield ratios 

Hf4f/Si2p, O1s/Si2 and N1s/Si2p are shown.  The yield rations calculated with the 

HRBS depth profiles (Fig. 2) are shown by dashed lines.  The solid lines show the 

best-fit result obtained by the combination analysis of HRBS and AR-XPS.   

 

Fig. 4 Composition depth profiles of SiON/HfO2/SiON/Si obtained by the combination 

analysis of HRBS and AR-XPS.  The nitrogen profile measured by high resolution 

ERD is also shown for comparison (dotted line).  The agreement between the present 

result and high-resolution ERD is very good.   
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