
J ) .J 

Submitted to 
Philosophical Magazine 

LBL-1864 
Pre print c. \ 

PSEUDOPOTENTIAL CALCULATION OF THE STACKING 
FAULT ENERGY IN SILICON 

L. J. Chen and L. M. F alicov 

July 1973 

Prepared for the U. S. Atomic Energy Commission 
under Contract W-7405-ENG-48 

For Reference 

Not to be iakeri from this room 



DISCLAIMER 

This document was prepared as an account of work sponsored by the United States 
Government. While this document is believed to contain correct information, neither the 
United States Government nor any agency thereof, nor the Regents of the University of 
California, nor any of their employees, makes any warranty, express or implied, or 
assumes any legal responsibility for the accuracy, completeness, or usefulness of any 
information, apparatus, product, or process disclosed, or represents that its use would not 
infringe privately owned rights. Reference herein to any specific commercial product, 
process, or service by its trade name, trademark, manufacturer, or otherwise, does not 
necessarily constitute or imply its endorsement, recommendation, or favoring by the 
United States Government or any agency thereof, or the Regents of the University of 
California. The views and opinions of authors expressed herein do not necessarily state or 
reflect those of the United States Government or any agency thereof or the Regents of the 
University of California. 



LBL-1864 
-1-

PSEUDOPOTENTIAL CALCULATION OF THE STACKING 

FAULT ENERGY IN SILICON 

L. J. CHEN 

Department of Physics·, University of California, and 

Cf Inorganic Materials Research Division, Lawrence Perkeley Laboratory, 

Eerkeley, Californ~, 94720, USA 

and 

* L. M. FALICOV 

Department of Physics, University of California 

EErkeley, California, 94720, USA 

.. , 

. . , 

* Work supported in part by the National Science Foundation through Grant 

NSF.,.GH 34438. 



- 2-

AESTRACT 

A calculation of the intrinsic stacking fault energy in silicon has been 

carried out to second order perturbatio'n in the pseudo potential formalism. 

The ca lcuLated re~Lllt is 55 erg/cm 2, which is in remarkably good agreement 

with the experimental value. 

§INTRODU CTIO N 

The numerical values of stacking fault energies are important para-

meters in the theory of pLastic deformation. The experimental determination 

of those values has im proved enormously in the last few years with the devel-

opment of the weak beam technique in electron microscopy (Cockayne et aI, 

1969). The metho.d has been used to determine the separation of partial dis-

locations, from which stacking fault energies can be obtained. It has been 

applied to various systems: Cu - 10% At (Cockayne et al, 1969), silicon 

(Ray and Cockayne, J970), copper andsilver (Cockayne et aI, 1972), gold 

(Jenkins, 1972)', germanium (Hiiussermann and Schaumb.urg, 1973) and more 

recently boron-implanted silicon (Chen and Thomas, to be publish~d). 

The most importan:t advantage of t.he weak beam tech.nique is the 

narrowness of the image width. The image peak defines accurately·the position of· 

the partials; it is possible therefore to resolve closely spaced partial dislo- t 
'" 1,,-' 

cations for crystal with high stacking fault energy. But the requirementsbr 
. 0 . 

the resolution of dislocation separation of the order 0[40 A or so are so 

extremely stringent that it is very desirable to have a theoretical estimate of 

stacking fault energies on hand so as to save fruitless efforts to the experimen-

talist in this field. 
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Hodges (1967) developed a calculational method to obtain stacking fault 

energies in closed-packed simple metals. He used a pseudopotential (PP) 

formulaqon (Harrison 1966, Heine 1970, Cohen and Heine 1970, Heine and 

Weaire 1970) applied to second order in perturbation theory. His calcula-

tions, which made use of the model potentials of Heine and Abarenkov (1964), . . 

confirmed the experimental trend (large value for Al, low for Pb) but were 

not very accurate and even gave negative values for Pb and Zn. Hodges 

attributed his discrepancies to (a) the uncertainty of the PP for large momen-

-tum transfer q, (b) the use of a local PP instead of a non-local angular-

momentum dependent .one. 

The use ofPP is a natural one for this kind of problem: it is concep-

tually simple, easy to handle and known to be accurate to about 1 % in the 

determination of one-electron properties and say 20% in structural proper-

ties v.thenever volume effects do not olay a role. Such is the case in our 

stacking fault. ·problem. 
0. ,": " ... " ':.. . ..... 

From the point :::Jf view of simplicity of the numerical procedures, a 

. iocal PP is undoubtedly a .very desirable feature. '. It is known however. that . .. . .'. . ., . ~, . 

local PP only work well for a small number of elements on the periodic 

table, and usually very well only for Na, Mg, Ai and Si. 

.We have chosen to determine the stacking fault energy in diamond-

structured silicon for several reasons: 

(i) The PP is very well known and has been repeatedly tested (Cohen 

and Heine 1970, Au-Yang and Cohen, 1969) against many experimental data. 

(ii) A local PP works extremely well for silicon. 
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(iii) The experimental value of the stacking fault energy (Ray and 

Cockayne, 1970), 55 erg/cm 2 is wellknow n and more accurate than most •. 

(iv) . An intrinsic stacking fault in Si does not change the local tetra

hedral coordination of any atom and therefore chemical-bond arguments 

(Phillips 1969) point out to the s.uitability of PP schemes and ordinary linear 

screening theory. 

(v) The stacking fault properties can be used to supplement information 

on the properties of the various polytypes and amorphous forms of silicon, . 
. 

which are presently the subject of intensive studies (Joannopoulos and Cohen, 

1973) . 

(vi) We would like to ~est a PP calculation of this sort to see whether 

in an open structure (e. g. the diamond structure) it works better than in a 

closed- packed one. 

In section 2 we present ~he details of the calculation. Section 3, contains a 

brief disc ussion. 
. . ... 

-,' .. :.:. ' 
. '. . ... " .. 

§2 .. FORlVIUIATION OF THE PROBLEM AND CALCULATION 

.As discussed by Hodges (1967) and intne introduction, second orde~ . 
, . . ' 

perturbation theory should give adeq u,ate results for evaluating stacking 

'. ;. 

: r" " 

.~ 

, 
\., 

, .... 

\ . 

fault energies; this is primarily so because such a fault is a rearrangement ~/ 

of atoms at constant density . This eliminates volume dependent effects 

which are so sensitive to electron-electron correlations and make the 

Hartree (mean field) approximation a reasonable one to treat many-electron 

effects. In addition, since the tetrahedral coordlnation of each atom is 

preserved, the so-called bond charge (Phillips 1969) does not get appreciably 
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disturbed and therefore the non-linear screening properties remain 

unchanged throughout the calculation. Under these· conditions the energy of 

formatioq. of a stacking fault, neglecting correlation and exchange contribu-

tions, is given by (Hodges 1967) 

(2. 1) 

where 

~(q) (2.2) 

vb(q) is the screened PP form factor, EO(q) is the Lindhard-Hartree dielec

tric function (Harrison 1966), 2 is the valence of the ions (2 = 4 for silicon), 

SO(q) is the structure factor for the perfect lattice and S(q) is the structure 

factor for the lattice with the stacking fault. We must now: 

.. ' . '(a)' Choose a good p~ form factor .' vb(q) ,and, express it in a 'convenient , 
. :. ~ ~ • ". • • • ", ••. ' '.' ~.. . ~ 1. • .,' • • .' .'. ..' ,'..... • .., • • .'. :... •• 

form so as to be able to integrate (2.1); 

o 
.. (b), Calculat~ the stru,cture factors Sand S; 

. .' .'.... ' .. " ". '.' ',' .".: 
... ',. " .. ',- . 

(c) Evaluate (2. J). 

2. 1 The PP Form Factors 

The experimentally fitted values of the screened PP form factors, as 

given by AU-Yang and Cohen (J969) are given in table I. For our purpOses, . , 

since we need vb(q) as a continuous fun:~tion of q, it is necessary to use 

an accw'ate interpolation formula. We find it convenient to use (Falicov and 

Golin, J 965) 
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2 . 2 -1 
vb(q) = (Aq + B)[C exp(Dq ) + ]] 

for q.?=.1. 6]2 a. u. with 

A = 0.1449 B = -0.3767 c = 0.0061 D = 1. 3568 . 

For smaller values of q (0. 865 ~ q ~ ].612) we use aquadratic form 

2 
vb(q) = -1. 6545 + 2.0399 q - 0.6288 q .. 

(2.3) 

(2.4) 

(2.5) 

In all these formulae q is in atomic units (inverse Bohr radii) and Vb is 

expressed in Rydbergs. Values of Vb for q < 0.865 are not needed in the 

ca1culation. 

2.2 The Structure Factors 

We may think of a perfect silicon crystal as bBingmade by the proper 

; stacking of (] ll) type .of ato~icplanes. Each of these p12.n~s contains a. 
'.. . . . "" .' ; .. '.. .. .' .. ... ~;.:., ~ .... '.: ..... '. . .. '. ...: ...... ' 

hexagonal (closed pa~ked) arrangement of ,silicon atoms. The nearest 

. ,neighbor separation of atoms in, each. of these planes is 

aD = aj...[2 =. (10. 26/...[2)a. u. = 7.26 a.ti •. ,(2.6) 

The two basic (period) vectors in these planes are 

(2.7) 

There are three kinds of planes, labelled A, Band C and such that 



... 
a 

.. 

- 7 ":' 

-A has an atom at t' A=:O 

- -C has an atom at t C = - t: 

in their respective planes. We build now the perfect lattice by following 

the stacking prescription: 

••. AAEECCAAEECCAA· .• 

such that two consecutive planes of the same kind are separated by a 

-' -distance (perpendicular to tl and t2) 

8 = a~3/4 = 4.44 a. u. 1 ' 

and two consecutive planes of different kmd are separated by 

8
2

'= a~3/J2 = JA8a~u., 

• 0" .,.", • ~" .', • .' :.' . ) .'. • '. ••••• •• ' '. , " :", • " •• ' ' • '. • • I' .' • . . '. : '". . . . .. .' . , .': , 

Since the pla,ne:~; come always in pa,irs (AA),' or '(EE), or (Cc), we Can' , 

denote each pair by its corresponding primed letter, and therefore the, 

silicon perfect crystal is given by 

•. ·A'E'C'A'E'C'··· (2.9) 

each double plane b~ing separated from its nearest neighbors by a distance 

8 = 8
1 

+ 62 = 5.92a.u .• 

An intrinsic stac king fault is now obtained by eliminating one double 

plane (two atomic planes), L e. ' 
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• •. Ai B' C' E ' C' A' •..• •. (2.10) 

'. -

This is the lowest energy fault, since. it preserves the tetrahedral environ-

" 
ment of each silicon atom. ' It has however a small sequence 

[B'C'B'C'] 

which corresponds to a v1urtzite (rather than diamond) type structure. 

We may remark now that since the diamond structure in the f. c. c. 

structure with a basis (two atoms per unit cell) 1 and since the (2.9) and (2. 10) 

sequences are identical to those discussedby Hodges (1967) for the £. c. c. 

intrinsic fault, our structure factors can only differ from his by a correction' 

factor which takes the basis into account 

where 

.. 
'" 

' ...•. ·0- ',.:: 

This, relatiqnship (2. 11) applies both to the perfect and the. stacking fault 
. '. . '. .' '. , . . -. . 

, , 

tG. J J) 

(2'.12)- ' 

structures. We therefore obtain our structure factors easily by applying 

(2. 11) and extracting Sf and SfO directly from Hodges's results. cc cc 

'. 2. 3 Evaluation of the Inteqrals 

The evaluation of (-2. 1) follows the standard procedure (Harrison 1966, 

Hodges ]967) of separating the integral into Singular and non-singular parts. 

The singular contribution is obtained analytlcallyandreduced to the summa-

tion of a finite series. 

.- . 
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The non-singular part is integrated numerically using the va lues of 

vb(q) given by (2.3) and (2.5) and the analytic expression of Lindhard's 

die lectric function EO(q) (Harrison] 966). The results are 

6E
SF 

= W x 7.04 x 10- 5 Ryd 

where W is the area of the stacking fault. Reduction to cgs units yields 

2 
6ESF = 55 ergs/em . 

~3 DISCUSSION 

(2. ] 3) 

(2. 14) 

The quoted experimental values for the intrinsic stacking fault energy 

in silicon range from 50erg/cm2 (Aerts et. al, ] 962) to 55 erg/cm2 (Ray 

and Cockayne, 1970). The latest value is considered more accurate and 

reliable. Our results are in rems.r1:ably and probably .fortuitously good 

agreement with 8j·:perirnent. The approximations involved in our calculation 

are: 
,'.', . .... ,-

'.' .'r 

(J) Those Lnhsrcrrt in the PP brm2.lism; 
,'-r/.'.: .. 

(2) Second order perturbation theory; .. . . . . 

(3) Empirical PP form factors; 

(4) Loc:al PP approximation; 

(5) Hartree approximation (no exchange and correlation correcticns); 

(6) Lack of inclusion of non-linear screening (influence of botfd'·Cftarges); 

(7) Numerical and rounding off errors. 

Of these we have tried to keep (7) to a reasonable value so as to ensure 

two significant figures of the final result; (1) is probably negligible if taken 



- 10 -

in conjunction with ( 3) (Cohen and Heine 1970); (4) is very small for silicon 

but may be more significant for heavier or lighter semiconductors. 

Since the stacking fault calculation invo lves no volume change, (2) 

is a very good appeoximation (Harrison 1966), and so is (5). 

In the evaluation of the integral (2. 1) the difference q S(q) 12 -
I sO (q) 12} vanishes for values of q smaller tha n G

1 
= O. 8G5 a. u. (this is the 

smallest non-vanishing projection of a reciprocal lattice vector onto the 

stacki.ng fault plane;). Therefore the diel·::ctric function (O(q) is needed 

only for q > G l' i. e. a region outside the range where the semiconducting· 

character of the crystal and the bond charge make a sizeable difference 

(Phillips 1969); hence (6) should be also a good approximation. 

In summary, (1)- (7) are all justifiable and the errors should be 

small. It is however very surprising that our agreement with experiment is 

so good, and this can be ::>nly fortuitous. We are nonetheless encQuraged 

by the results and fee1 that similar calculations should be extended to other 
.' ~ .~. . . ...... . 

semic::>nductors to test further the validity of the theory. 
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Table r 

. Screened Pseudo potential Form Factors 

q vb 
" atomic units Rydbergs • 

" 0.898 -0.33 I, .. f 

1. 037 -0.215 

1. 467 -0.015 

1.720 .. 0.039 

1.797 0 . .055 

2.076 ·0.079 

2.262· 0.056 

2.319 0.04 

. " " 
.. 

... , .. '. '. , .. . . . 

. I 
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