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Silicon is the main material of nanotechnology and solar energy. In our days a lot of structures based on silicon 

have unique and useful properties which can help to deal with applied problems. 

One area of silicon application is the creation of silicon-based photovoltaic converters for space and aviation 

equipment. In the future, photovoltaic devices based on silicon can be made from the materials contained in the lunar 

soil, and silicon will form the basis for the development of space solar power. 

Control of the elemental composition and physical properties of materials used in space materials science plays an 

important role, accordingly necessary to improve the methods of research materials. The methods of research materials 

are developed both in technological direction and the direction of the processing and interpretation of experimental 

data. One of the widely used methods of surface investigation is electron spectroscopy. 

At the entrance and exit of the surface electrons generate surface excitations which share quantitative information 

on the various processes of interaction of electrons with matter. The intensities of Auger electron and photoelectron 

peaks depend both on the probability of inelastic scattering within the solid, and the surface layer. The probability of 

generating an electron surface excitations with a single act of interaction with the surface is called the surface excita-

tion parameter that is the most convenient value to describe the effect of surface excitations on the intensity of the Au-

ger electrons and plays an important role in quantitative analysis in Auger electron spectroscopy, X-ray photoelectron 

spectroscopy, electron energy loss spectroscopy. 

In this work energy loss spectra of reflected electrons were obtained for the series of samples of Si. Samples were 

obtained with different technical conditions and some of them have different crystallographic orientation. Energy loss 

dependence of inelastic mean free path and differential inelastic electron scattering cross-section were calculated. We 

have suggested a new method of determination of surface excitation parameter, based on fitting of these spectra with 

the Tougaard’s Three-parameter Universal cross-section. 

 

Keywords: inelastic scattering cross-section, electron energy loss spectroscopy, surface excitation parameter. 

 
.  –   -

    . 
      

    
 ,   -

     
 [1; 2].  

    -
      -

     -
 [3].     

       -
,     ( ),  

     -
      [4].  

     , 
    , 

     .   
,      -
 ,    -

 [5]. 
  , -
     

   , -
,     . 

     -
 ,      

   . 
     

   . 
        

  ,  
     -
    . -

 -     
      

 ,      [6; 7]. 
  Pse  -

    -
      -

 [6; 7].    -
      -

    -
 [7]      -

   -   
( ),   -

 ( ),   -
   ( ).   

       -
 Si     -

      
. 

 .   -
   (   
    λ  -

    K(E0, E0 – E), 
 E0 –   , E0 – E – -

  , Kλ- )   -
     

    -
 [8–11],     

    [12]   -
   [13–15].  
  3  -

  Si (100),   Si (111) 
 ,    

 Si  50     
Si (100),   -  



 

 
 

 А . 2014.  № 4(56) 
 

 232

   700 ° .   -
   . 

    -
     -

    -
  SPECS ( ). -

      
  150    0,1 .   T 

     -
  E0 (  )   -

  E, T = E0 – E.   
  300, 600, 1200, 1900, 3000 , 

     -
  1 . 

     
     

 QUASESTM XS REELS (Quantitative Analysis of 
Surfaces by Electron Spectroscopy cross section 
determined by REELS) [16],  , -

  [17],    -
  .   -
  ,    -

    ,  
    -

       
    -

     -
      [18]. 
Э  .   -

    -
     -
   .   

     
  (    -

 )    -
 (      

  ) [19; 20]. 
   -

      -
,      

     -
      

[20],   ,    
 ,    [18], 

     -
   [7; 21; 22]. 

     
  . -

    -
      

     [13] 
  [14; 15] . -

      
:      -

   ,  -
  ,   

   ;  
     -

     
     

[23];     
   (  )  -

 .  ,   

,   -
      ,  

     
  .   

   , -
    [17],   , 

,    -
     . 

    

     

     

    [23]: 

 

( )2
2 2

λ BT
K

C T DT
=

− +
, (1) 

 B, C, D –  ,   

     [23]. 

 B   ,  

 – ,  D –    

     . 

    -

     

     ,    

[23; 24]. 

    -

       Si -

  ,    

 6,5·10–4.  . 1,    

     Si 

(100)   . 

     -

     -

   ,   

    -

   λ   -

   K.    . 1, 

      

    -

     -

 (  ),    

   . 

     

      

,   -

   ,  

    -

      

  , ,  -

    .  . 1,  

   Si   . -

 ,   [19],   

   S1, E2, S3, -

  S    V.  

       

 ,   -

,     ( . 2, ). 

  S3  S    

  ,    

 ,    

  V   -

.   S1  E2     -

       



 

 
 

    
 

 233

  ,   -

    . 

    -

     ,  

    -

   ( )  

     -

 .  . 2,   -

     -

 ,     

  . 

     -

  [14; 15] (Gergely Pse, . 2, )   

    S   

 S3,        S 

+ S3 ( . 2, ).    . 2, ,  

,     

,   , -

   .    ,  

     

,    , 

,   . 

И    (  

  S  S3)   -

 ,    . 

     -

        

  Si    -

  .   -

     -

  ,    -

      

    

. 

    

   

 [6; 7; 22]: 

se

0 0

1 1

0,171 cosα 1 0,171 cosα 1i d

P
a E a E

= +
+ +

, (2) 

 αi = 59°, αd = 0° –     

      

 .     

      

 ,  –  .  

      

    -

 [6; 7; 14; 15; 22],    

      

 ,      -

. 

 

 
                 

 

. 1.      Si (100),     -

 1200 .        ( )      
 

   ( ) 

 

 
                 

 

. 2.     ( )  

   ( )      



 

 
 

 А . 2014.  № 4(56) 
 

 234

 

ч   а 
 

  Pse   
Ч   

 S 

Ч    

S3 

Ч    

 S  S3 

  a 1,41 1,04 7,91 0,83 

 

    -

   1   -

   2    [6].  

 a  Si   0,7  1,5 -

   [14]  [6]. 

      

 . 

   a   -

    Si,   -

,     

   S3   -

 , –       

    S. 

ч .    -

     

(       -

      -

 )   -

      

 .   -

      

    ,    

        

      

     

   . 

    -

       -

     Si   

   ,  -

    -

. 

 

ч   

 

1.  . .,  . ., -

 . . -    

  :    

  // . 2000. . 34, . 11. 

. 1281–1299. 

2.   GeSi  -

 –    / . . , 

. . , . .  [  .] // . 2003.  

. 37, . 5. . 513–538. 

3.    -

    / . .  [  .] // 

    . 2012.  

. 14, № 1. . 521–524. 

4. Duke M. B., Gaddis L. R., Taylor G. J. 

Development of the Moon // Reviews in Mineralogy & 

Geochemistry. 2006. № 60. P. 597–656. 

5. Landis G. A. Materials refining on the Moon // 

Acta Astronautica. 2007. № 60. P. 906–915. 

6. The three-step model in electron spectroscopy 

revisited I. Angular distribution of Auger electron 

emission from non-crystalline Al, Si and Cu surfaces /  

W. S. M. Werner [et al.] // Surface Science. 2001. № 495, 

P. 107–119. 
7. Measurement of the surface excitation probability 

of medium energy electrons reflected from Si, Ni, Ge and 
Ag surfaces / W. S. M. Werner [et al.] // Surface Science. 
2005. № 585. P. 85–94. 

8.    
      
 FexSi1-x / . .  [  .] //   

. 2008. . 34, . 9. . 41–48. 
9.    

     
 MnxSi1-x / . .  [  .] // -

. ,    
. 2013. № 6. . 5–9. 

10.     
  GexSi1−x / . . -

 [  .] // . 2014. № 48, . 2. . 237–241. 
11.     

     -
  FexSi1-x / . .  [  .] // . 

2011. № 81, . 5. . 69–74. 
12.     

    SiO2/Si(100) / . . -
 [  .] // . 2012. № 48, 4. . 88–92. 

13. Surface excitation effects in electron 
spectroscopy / G. Gergely [et al.] // Solid State Ionics. 
2001. № 141–142. P. 47–51. 

14. Gergely G. Elastic backscattering of electrons: 
determination of physical parameters of electron transport 
processes by elastic peak electron spectroscopy // 
Progress in Surface Science. 2002. № 71. P. 31–88. 

15. Experimental determination of electron inelastic 
scattering cross-sections in Si, Ge and III–V 
semiconductors / G. T. Orosz [et al.] // Vacuum. 2003.  
№ 71. P. 147–152. 

16. Tougaard S. QUASES – Software packages to 
characterize surface nano-structures by analysis of 
electron spectra [  ]. URL: http:// 
www.quases.com. (  : 15.10.2014). 

17. Tougaard S., Chorkendorff. I. Differential 
inelastic electron scattering cross sections from 
experimental reflection electron-energy-loss spectra: 
Application to background removal in electron 
spectroscopy // Phys Rev. B. 1987. № 35, 13. P. 6570–
6577. 

18. Measurement of optical constants of Si and SiO2 
from reflection electron energy loss spectra using factor 
analysis method / H. Jin [et al.] // Journal of applied 
physics. 2010. № 107. P. 083709, 1–11. 

19.  . .,  . .   
    // . 2004. 

315 . 
20. Inelastic Scattering Cross Section of Si 

Determined from Angular Dependent Reflection Electron 
Energy Loss Spectra / H. Jin [et al.] // Journal of Surface 
Analysis. 2009. № 15, 3. P. 321–324. 



 

 
 

    
 

 235

21. Werner W.S.M. Simple algorithm for 
quantitative analysis of reflection electron energy loss 
spectra (REELS) // Surface Science. 2010. № 604.  
P. 290–299. 

22. Werner W.S.M. Analysis of Reflection Electron 
Energy Loss Spectra (REELS) for Determination of the 
Dielectric Function of Solids: Fe, Co, Ni. [  

]. URL: http://arxiv.org/pdf/cond-mat/0611053.pdf. 
(  :15.10.2014). 

23. Tougaard S. Universality Classes of Inelastic 
Electron Scattering Cross-sections // Surf. Interface Anal. 
1997. № 25. P. 137–154. 

24. Tougaard S. Quantitative Analysis of the 
Inelastic Background in Surface Electron Spectroscopy // 
Surf. Interface Anal. 1988. № 11. P. 453–472. 

 
References 

 

1. Pchelyakov O. P., Bolkhovityanov Yu. B., Dvure-

chenskiy A. V. [et al.]. Silicon-germanium nanostructures 

with quantum dots: Formation mechanisms and electrical 

properties. Semiconductors. 2000, Vol. 34, No. 11,  

P. 1229–1247. 

2. Bolkhovityanov Yu. B., Pchelyakov O. P., Soko- 

lov L. V. [et al.]. Artificial GeSi substrates for heteroepi-

taxy: Achievements and problems. Semiconductors. 2003,  

Vol. 37, No. 5, P. 493–518. 

3. Jarovoj G. P., Latuhina N. V., Rogozhin A. S.  

[et al.]. [Silicon photovoltaics for space and aviation in-

dustry]. Izvestija Samarskogo nauchnogo centra RAN. 

2012, Vol 14, No. 1, P. 521–524 (In Russ.). 

4. Duke M. B., Gaddis L. R., Taylor G. J. Develop-

ment of the Moon. Reviews in Mineralogy & Geochemis-

try. 2006, No. 60, P. 597–656. 

5. Landis G. A. Materials refining on the Moon. Acta 

Astronautica. 2007, No. 60, P. 906–915. 

6. Werner W. S. M., Tratnik H., Brenner J. [et al.] 

The three-step model in electron spectroscopy revisited I. 

Angular distribution of Auger electron emission from 

non-crystalline Al, Si and Cu surfaces. Surface Science. 

2001, No. 495, P. 107–119. 

7. Werner W. S. M., Kover L., Egri S. [et al.]. Meas-

urement of the surface excitation probability of medium 

energy electrons reflected from Si, Ni, Ge and Ag sur-

faces. Surface Science. 2005, No. 585, P. 85–94. 

8. Parshin A. S. Aleksandrova G. A., Dolbak A. E.  

[et al.]. Reflection electron-energy-loss spectroscopy of 

Fe x Si1−x thin films. Technical Physics Letters. 2008, Vol. 

34, No. 5, P. 381–383. 

9. Parshin A. S., Pchelyakov O. P., Dolbak A. E.  

[et al.]. Reflection Electron Energy Loss Spectroscopy in 

MnxSi1-x Composite Structures. Journal of Surface Inves-

tigation. X-ray, Synchrotron and Neutron Techniques. 

2013, Vol. 7, No. 3, P. 505–508. 

10. Parshin A. C., P'yanovskaya E. P., Pchelyakov O. P. 

[et al.]. Inelastic electron scattering cross-section spec-

troscopy of Ge x Si1−x nanoheterostructures. Semiconduc-

tors. 2014, Vol. 48, No. 2, P. 224–227. 

11. Parshin A. S., Kushchenkov P. A., Aleksandrova 

G. A. [et al.]. New opportunities for quantitative analysis 

as applied to reflected electron energy loss spectroscopy 

of Fe/Si structures. Technical Physics. 2011, Vol. 56,  

No. 5, P. 656–661. 

12. Parshin A. S., Kushchenkov P. A., Pchelya- 

kov O. P. [et al.]. Spectroscopy of the cross section of 

inelastic scattering of electrons in SiO2/Si(100) layered 

systems. Optoelectronics, Instrumentation and Data 

Processing. 2012, Vol. 48, No. 4, P. 396–400. 

13. G. Gergely, Menyhard M., Gurban S. [et al.]. 

Surface excitation effects in electron spectroscopy. Solid 

State Ionics. 2001, No. 141–142, P. 47–51. 

14. Gergely G. Elastic backscattering of electrons: 

determination of physical parameters of electron transport 

processes by elastic peak electron spectroscopy. Progress 

in Surface Science. 2002, No. 71, P. 31–88. 

15. Orosz G. T. Gergely G., Gurban S. [et al.]. Ex-

perimental determination of electron inelastic scattering 

cross-sections in Si, Ge and III–V semiconductors. Vac-

uum. 2003, No. 71, P. 147–152. 

16. Tougaard S. QUASES – Software packages to 

characterize surface nano-structures by analysis of elec-

tron spectra. Available at: http:// www.quases.com (ac-

cessed 15.10.2014). 

17. Tougaard S., Chorkendorff. I. Differential inelastic 

electron scattering cross sections from experimental re-

flection electron-energy-loss spectra: Application to 

background removal in electron spectroscopy. Phys Rev. 

B. 1987, No. 35, 13. P. 6570–6577. 

18. Jin H., Shinotsuka H., Yoshikawa H. [et al.]. 

Measurement of optical constants of Si and SiO2 from 

reflection electron energy loss spectra using factor analy-

sis method. Journal of applied physics. 2010,  

No. 107, P. 083709, 1–11. 

19. Lifshits V. G., Lunyakov Yu. V. Spektry KhPEE 

poverkhnostnykh faz na kremnii [EELS spectra of surface 

phases on silicon]. Vladivostok, Dal'nauka Publ., 2004, 

315 p.  

20. Jin H., Yoshikawa H., Iwai H. [et al.]. Inelastic 

Scattering Cross Section of Si Determined from Angular 

Dependent Reflection Electron Energy Loss Spectra. 

Journal of Surface Analysis. 2009, Vol. 15, No. 3, P. 321–

324. 

21. Werner W. S. M. Simple algorithm for quantita-

tive analysis of reflection electron energy loss spectra 

(REELS). Surface Science. 2010, No. 604,  

P. 290–299. 

22. Werner W. S. M. Analysis of Reflection Electron 

Energy Loss Spectra (REELS) for Determination of the 

Dielectric Function of Solids: Fe, Co, Ni. Available at: 

http://arxiv.org/pdf/cond-mat/0611053.pdf (accessed 

15.10.2014). 

23. Tougaard S. Universality Classes of Inelastic 

Electron Scattering Cross-sections. Surf. Interface Anal. 

1997, No. 25, P. 137–154. 
24. Tougaard S. Quantitative Analysis of the Inelas-

tic Background in Surface Electron Spectroscopy. Surf. 
Interface Anal. 1988, No. 11, P. 453–472. 

 
 

©  . .,  . C.,  
 . .,  . .,  

 . .,  . . 2014

 


	4_56_-англ
	Внуков
	Игуменов, Паршин

