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Abstract - In this paper, the author presents study results about the diffusivity and the diffusion of vacancy during B 

diffusion in silicon. Results showed that: i) During boron diffusion in silicon, which makes vacancy is generated and 

interacts with vacancy; ii). The interaction between boron impurity and vacancy is cause of the dependence of the 

vacancy diffusion flux on the concentration gradient of boron; iii) The interaction makes the coupled diffusion effect 

occurs in silicon; iv) Interaction between boron impurity and vacancy is the cause of negative mutual diffusivity and 

uphill diffusion of vacancy in silicon.  
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I. INTRODUCTION  

Diffusion of dopants such as boron (B), arsenic 
(As), phosphorus (P) in silicon is generally 
controlled by intrinsic point defects [1-6], these 
can generate Si-interstitials and vacancies [1]. 
Point defects diffuse simultaneously and interact 
with dopants. The interaction between impurity 
and point defects makes diffusion process and 
diffusivities become more complex and this can be 
caused of the anomalous diffusion (Emitter-push, 
Buried marker layer, Base retardation) [7-9] and 
uphill diffusion. Several approaches are proposed 
for treatment of multicomponent diffusion [10-12], 
one of them is the base on Onsager’s equation 
system, the simultaneous diffusion equations of B, 
I and V (a ternary system) has been found out 
[13]:  
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where CB, CI, CV are concentrations and DB, DI, 

DV are diffusivities of boron, interstitial and 

vacancy; DBB, DII and DBI, DIB are intrinsic 

diffusivity ad mutual diffusivity of boron and 

interstitial.   
Uphill diffusion is diffusion process, in which 

the diffusion flux goes up to a higher 
concentration area. Uphill diffusion often occurs 
in multicomponent systems [14-19]. A number of 
different approaches have been proposed for the 
treatment of uphill diffusion in binary and ternary 
systems, such as Y. Oishi (1965) [14], M. 
Dayananda, C. Kim (1979) [15], Y. Zhang (1993) 
[16], R. Krishna, J. Wesselingh (1997) [17], T. 
Nishiyama (1998) [18], R. Krishna (2019) [19]. 
They have shown that: i) the coupled diffusion 
effect (diffusion flux of any component depends 
on the concentration gradient of its partner 
component) is the cause of uphill diffusion in the 
multicomponent diffusion systems for gas, liquid 
and metal. However, the uphill diffusion can occur 
in semiconductor material [20, 21].  

  In the following, the coupled diffusion effect, 
negative diffusivity and uphill diffusion of 
vacancy, during boron diffusion in silicon material 
are presented and discussed.    
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II. DIFFUSION EQUATION OF VACANCY              

IN SILICON 

 Equation system (1, 2, 3) describe the 
diffusion process of boron, interstitial and vacancy 
in silicon. However, the concentration gradient 
value of interstitial is very small and almost 
negligible [22], so equation (1, 2, 3) become:  

 
(8) 

 
 

(9) 
 
 

(10) 
 

Diffusion equation of boron, interstitial and 
vacancy in silicon can be written by the Fick’s 
2nd equation [13] as follow:  

                                                                                  
(11) 

 
                                                                                    

 (12) 
 
                                                                                             

(13) 
 

 

The numerical solutions of equation system (11, 
12, 13) have been solved on distance from silicon 

surface x = 0 ÷ 1.2 m and boundary, initial 
conditions are chosen [13]: CB(t=0) = 1019 cm-3; 
DB = 1.28x10-14 cm2s-1; CI(t=0) = CI0 = 1.1x1012 

cm-3; DI = 2.57x10-11 cm2s-1; CV(t=0) = CV0 = 
1.0x1015 cm-3; DV = 3.21x10-10 cm2s-1; T = 1273K. 
The numerical solution of equation system (11, 12, 
13) is presented in table 1. 

Figure 1 is the graphs of diffusion profile of 
boron and vacancy, which are plotted by the data 
in table 1. These graphs show that the diffusion of 
boron is normal diffusion process (boron diffusion 
goes down to a lower concentration area), but 
based on the concentration profile of vacancy, we 
can predict the uphill diffusion can occur for 
vacancy.      

 For survey the diffusivity and diffusion 
process of vacancy, the equation diffusion and 
diffusivity express of vacancy must be found out.  
Based on equations (8), (9) and (10), diffusion 
flux of vacancy can be written by:   

   
 

(14) 
 
 
in which, mutual diffusivity of vacancy DVB is 
determined by: 
 
 

(15) 
 
       

Equation (14) is equation diffusion vacancy 
and express (15) is mutual diffusivity, which 
shows that the diffusion flux of vacancy is 
determined by concentration gradient of boron 
and mutual diffusivity DVB. It means diffusion of 
vacancy in silicon depends on coupled diffusion 
effect. Properties of the diffusion and diffusivity of 
vacancy can be studied by the diffusion flux (Eq. 
14) and the mutual diffusivity DIB (Eq. 15). 
Equation 14 shows that the diffusion of vacancy in 
silicon does not depend on concentration gradient 
of vacancy, but it depends on concentration 
gradient of boron and mutual diffusivity DVB 
depends on boron concentration (this dependence 
can be the interaction of boron with vacancy [1]). 
It means the cause of diffusion of vacancy in 
silicon is the coupled diffusion effect [17, 18]. 
Thus, the equation (14) can describe the coupled 

Table 1. Distribution of concentration of B, I and V in Si 

for 10 diffusion minutes at 1000 oC. 

    X 

  (cm) 

  CB 

(cm-3) 

   CI 

(cm-3) 

  CV 

(cm-3) 

0.00 1.0 x 1019 1.1 x 1012 1.0 x 1015 

5.3 x 10-6 6.5 x 1018 2.0 x 1013 5.8 x 1013 

1.1 x 10-5 4.4 x 1018 2.6 x 1013 4.5 x 1013 

2.1 x 10-5 1.6 x 1018 2.4 x 1013 4.8 x 1013 

3.2 x 10-5 4.0 x 1017 1.7 x 1013 6.9 x 1013 

4.2 x 10-5 7.2 x 1016 1.0 x 1013 1.1 x 1014 

5.3 x 10-5 9.6 x1015 5.6 x 1012 2.0 x 1014 

6.4 x 10-5 9.8x 1014 2.9 x 1012 4.0 x 1014 

7.4 x 10-5 7.8 x 1013 1.4 x 1012 8.2 x 1014 

1.0 x 10-4 5.5 x 1010 4.5 x 1011 2.5 x 1015 
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Table 2. Values and signs of DVB at the distances from 

surface (0  0.64 m) for 10 diffusion minutes.  

x(cm)  DVB(cm3s-1) 

x0 = 0.00  -3.21x10-8 

x1 = 5.3x10-6  -3.21x10-9 

x2 = 1.1x10-5  -3.21x10-10 

x3 = 2.1x10-5  -3.21x10-10 

x4 = 3.2x10-5  -3.21x10-10 

x5 = 4.2x10-5  -3.21x10-10 

x6 = 5.3x10-5  -3.24x10-10 

x7 = 6.4x10-5  -3.87x10-9 

 

diffusion effect and the mutual diffusivity DVB can 
describe the interaction of vacancy with boron. 

Figure 1. Concentration profiles of boron (curve CB) and Si-

interstitial (curve CV) in Si for 10 diffusion minutes at 

1000oC (line CV0 is initial vacancy concentration). 

   However, the property of vacancy diffusion in 

silicon depends on sign of mutual diffusion DVB.  

III. NEGATIVE DIFFUSIVITY AND UPHILL 

DIFFUSION OF VACANCY IN SILICON 

      Equation (15) shows that mutual diffusivity of 
vacancy DVB depended on boron concentration CB, 
the cause of this dependence may be the 
interaction of vacancies with boron (according to 
A. Willoughby and S. Hu, this is the electric 
interaction [1, 7]. Based on equation (15) the value 
and sign mutual diffusivity of vacancy DVB are 
calculated and presented in Table 2, Figure 2. The 
result shows that: during boron diffusion in 
silicon, mutual diffusivity of vacancy is negative. 

      Property of diffusion depends on diffusivity 
sign: 

i) When diffusivity is positive, diffusion flux 
goes down to the lower concentration area, 
this is normal diffusion type (it is also 
called downhill diffusion; 

ii) When diffusivity is negative, diffusion flux 
goes up to the higher concentration area, 
this is uphill diffusion type; 

iii) When diffusivity equals to zero, but 
diffusion flux does not vanish, that is 
osmotic diffusion. 

Figure 2. Graphs of Intrinsic and mutual diffusivities of 
vacancy in silicon are plotted by the data in table 2. 

       Uphill diffusion can occur in single 
component systems [23-25], but they often occur 
in multicomponent systems and their cause is 
coupled diffusion effect [12, 19, 26, 27]. During 
boron diffusion in silicon, vacancy is not only 
generated but also diffused simultaneously with 
boron. In silicon, the diffusivity of vacancy is 
negative, so vacancy diffuses uphill. It means 
diffusion flux of vacancy go up to the high 
concentration of vacancy in silicon.   

     Thus, during boron diffusion, vacancy is 
generated. Vacancy diffuses and interacts with 
boron impurity in silicon. This interaction is the 
cause of the coupled diffusion effect and the 
dependence of mutual diffusivity of vacancy on 
the concentration of boron impurity. This 
interaction makes diffusion flux of vacancy 
depend only on the concentration gradient of 
boron impurity. Interaction between boron 
impurity and vacancy is also the cause of negative 
mutual diffusivity and uphill diffusion of vacancy 
in silicon.           
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IV. CONCLUSION 

     During boron diffusion in silicon, which makes 
vacancy is generated and boron interacts with 
vacancy. This interaction is cause of the 
dependence of the vacancy diffusion flux on the 
concentration gradient of boron. It means the 
interaction makes the coupled diffusion effect 
occurs in silicon. Furthermore, interaction 
between boron impurity and vacancy is the cause 
of negative mutual diffusivity and uphill diffusion 
of vacancy in silicon.     

ACKNOWLEDGMENT 

The current work was financially supported by 
the Hanoi University of Mining and Geology. 

REFERENCES 

[1] A. Willoughby, Atomic Diffusion in Semiconductors, 

Appl. Phys., 10 (1977) 476. 

[2] R. B. Fair, On the role of self-interstitials in  impurity 

diffusion in silicon, J. Appl. Phys., 51 (1980) 5828. 

[3] D. Mathiot and J. C. Pfister, Dopant diffusion in silicon: 

A consistent view involving nonequilibrium defects, J. 

Appl. Phys., 55 (1984) 3518. 

[4] G. Mannino, N. Cowern, F. Roozeboom and J. Van 

Berkum, Role of self- and boron-interstitial clusters in 

transient  enhanced diffusion in silicon, Appl. Phys. 

Lett., 76 (2000) 855.  

[5] D. Salvador, E. Napolitali, E. Bruno and. F. Priolo, 

Mechanisms of boron diffusion in silicon and 

germanium, J. Appl. Phys., 113 (2013) 031101.  

[6] A. Willoughby, Interactions between sequential dopant 

diffusions in silicon-a review, Appl. Phys., 10 (1977) 

476.  

[7] C. Jones and A. Willoughby, Studies of the Push-Out 

Effect in Silicon I. Comparison of Sequential Boron-

Phosphorus and Gallium-Phosphorus Diffusions, J. 

Electrochem. Soc., 122 (1975) 1531-8. 

[8] J. Ziegler, G. Cole and J. Baglin, Discovery of 

anomalous base regions in transistors, Appl. Phys. Lett., 

21 (1972) 177.  

[9] S. Hu and S. Schmidt,  Interactions in sequential 

diffusion processes in semiconductors, J. Appl. Phys., 

39 (1968) 4272. 

[10] I. Belova, Y. Sohn and G. Murch, Measurement of 

tracer diffusion coefficients in an interdiffusion context 

for multicomponent alloys, Philosophical Magazine 

Letters, 95 (2015) 416-424.  

[11] M. Danielewski, M. Zajusz, B. Bożek, K. Śmiech, On 

the consistency of the Darken method with the Onsager 

representation for diffusion in multicomponent systems, 

Defect Diffus. Forum, 369 (2016) 53.  

[12] M. Danielewski, A. Gusak, B. Bozek, M. Zajusz, Model 

of diffusive interaction between two-phase alloys with 

explicit fine-tuning of the morphology evolution, Acta 

Materialia,  108 (2016) 68-84. 

[13] V. B. Dung, Uphill diffusion of Si-interstitial during 

boron diffusion in silicon, Indian journal of physics, 91 

(2017) 233-1236. 

[14] Y. Oishi, Analysis of Ternary Diffusion: Solutions of 

Diffusion Equations and Calculated Concentration 

Distribution, J. Chem. Phys., 43 (1965) 1611. 

[15] M. Dayananda, C. Kim, Zero-flux planes and flux 

reversals in Cu - Ni - Zn diffusion couples, Metall. 

Trans., A10 (1979) 1333. 

[16]  Y. Zhang, A modified effective binary diffusion model,    

 J. Geophys. Res.,  98 (1993) 11901. 

[17] R. Krishna, J. Wesselingh, the Maxwell-Stefan 

approach to mass transfer, Chem. Eng. Sci., 52 (1997) 

861. 

[18] T. Nishiyama, Uphill diffusion and a new nonlinear 

diffusion equation in ternary non-electrolyte system, 

Phys. Earth Planetary Interiors., 107 (1998) 33. 

[19] R. Krishna, Diffusing uphill with James Clerk Maxwell 

and Josef Stefan, Chemical Engineering Science, 851 

(2019) 880. 

[20] R. Duffy, V. Venezia, A. Heringa, T. Hüsken, Boron 

uphill diffusion during ultrashallow junction formation, 

Applied Physics Letters, 82 (2003) 3647.  

[21] M. Ferri, S. Solmi, A. Parisini, M. Bersani, Arsenic 

uphill diffusion during shallow junction formation, 

Journal of Applied Physics, 99 (2006) 113508. 

[22] H. Bracht, Defects and Impurities in Silicon Materials: 

Diffusion and Point Defects in Silicon Materials, 

Springer Japan (2016).  

[23] Vu Ba Dung and Bui Huu Nguyen, Dynamic Simulation 

of Backward  Diffusion Based on Random Walk 

Theory, Journal of Physics: Conference Series, 726 

(2016)  012021. 

[24] V. B. Dung,  Kinetics and Thermodynamics of the 

Backward diffusion, Far East Journal of Dynamical 

Systems, 27 (2015) 79-94. 

[25] Vu Ba Dung, Dinh Van Thien, and Tong Ba Tuan,  

Dynamics of Negative Diffusivity and Uphill Diffusion 

in Ternary and Single systems, EPJ Web of conferences, 

206 (2019) 09015. 

[26] L. Darken, Diffusion of Carbon in Austenite with a 

Discontinuity in Composition, Trans. AIME, 174 (1948) 

184. 

[27] P. Gupta, A. Cooper, The [D] matrix for 

multicomponent diffusion,  Physica 54 (1972) 39. 

https://aip.scitation.org/doi/abs/10.1063/1.327540
https://aip.scitation.org/doi/abs/10.1063/1.327540
https://aip.scitation.org/doi/abs/10.1063/1.332941
https://aip.scitation.org/doi/abs/10.1063/1.332941
https://iopscience.iop.org/article/10.1088/0022-3727/10/4/011/meta
https://iopscience.iop.org/article/10.1088/0022-3727/10/4/011/meta
http://jes.ecsdl.org/content/122/11/1531.short
http://jes.ecsdl.org/content/122/11/1531.short
http://jes.ecsdl.org/content/122/11/1531.short
https://aip.scitation.org/doi/abs/10.1063/1.1654333
https://aip.scitation.org/doi/abs/10.1063/1.1654333
https://aip.scitation.org/doi/abs/10.1063/1.1656960
https://aip.scitation.org/doi/abs/10.1063/1.1656960
https://www.tandfonline.com/doi/abs/10.1080/09500839.2015.1082660
https://www.tandfonline.com/doi/abs/10.1080/09500839.2015.1082660
https://www.tandfonline.com/doi/abs/10.1080/09500839.2015.1082660
https://www.sciencedirect.com/science/article/pii/S135964541630091X
https://www.sciencedirect.com/science/article/pii/S135964541630091X
https://www.sciencedirect.com/science/article/pii/S135964541630091X
https://link.springer.com/article/10.1007/BF02811989
https://link.springer.com/article/10.1007/BF02811989
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/93JB00422
https://www.sciencedirect.com/science/article/pii/S0031920197001222
https://www.sciencedirect.com/science/article/pii/S0031920197001222
https://www.sciencedirect.com/science/journal/00092509
https://www.researchgate.net/profile/Ray_Duffy2
https://www.researchgate.net/scientific-contributions/11035071_V_C_Venezia
https://www.researchgate.net/profile/A_Heringa
https://www.researchgate.net/scientific-contributions/2005427069_T_W_T_Huesken
https://aip.scitation.org/doi/abs/10.1063/1.1578512
https://aip.scitation.org/doi/abs/10.1063/1.1578512
https://www.researchgate.net/journal/0003-6951_Applied_Physics_Letters
https://www.researchgate.net/profile/M_Ferri
https://www.researchgate.net/profile/Sabah_Solmi
https://www.researchgate.net/profile/Andrea_Parisini
https://www.researchgate.net/profile/M_Bersani
https://aip.scitation.org/doi/10.1063/1.2200587
https://aip.scitation.org/doi/10.1063/1.2200587
https://www.researchgate.net/journal/0021-8979_Journal_of_Applied_Physics
https://www.cambridge.org/core/search?filters%5BauthorTerms%5D=Hartmut%20Bracht&eventCode=SE-AU
https://www.sciencedirect.com/science/article/pii/0031891471900620
https://www.sciencedirect.com/science/article/pii/0031891471900620

