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A theory of pairing for donor-acceptor atom pairs and for donor-atoms—vacancy-acceptor
pairs with different states of charge in elemental semiconductors has been developed. A law
of mass action for charged pairs (NoyN../Ng,N.o) =e%/*T has been obtained, where E, is the
Coulombic interaction energy between a positive donor and a negative acceptor at nearest-

neighbor lattice sites.
I. INTRODUCTION

There are several reasons that make the study
of the pairing of point defects in semiconductors
necessary. First, pairing of impurities may af-
fect diffusion either through pairing of impurity
atoms or pairing of impurity atoms and vacancies.
The effect of pairing on diffusion may occur in a
direct way, for instance, through the change in
mobility of a vacancy trapped by an impurity. But
because vacancies in semiconductors are charged
defects, =3 diffusion may be affected in an indirect
way by pairing, through changes in the position of
the Fermi level which will in turn influence the
equilibrium concentrations of neutral and charged
vacancies. Pairing will also affect other physical
properties such as solubility of impurities and
carrier mobility.* Pairing plays an important
role in optical properties. The review article by
Ferd Williams on acceptor-donor pairs® brings
14 references on luminescence properties in C
(diamond), GaP, and ZnS attributed to impurity
centers formed by the pairing of acceptor-donor
impurities or pairing of vacancies and substitu-
tional impurities in the case of ZnS. Pairing af-
fects the transfer of energy between impurity cen-
ters in semiconductors, * which plays an important
role inluminescence.

Another optical property affected by impurity
pairing is infrared absorption. This has been ob-
served in Si doped with Li and B.®" Oxygen-de-
fect interactions in Si have also been observed by
infrared spectroscopy. ®*° Photoconductive prop-
erties of Ge doped with Li and Hg have also been
attributed to impurity pairing. !*

The work of Watkins and co-workers has pro-
vided experimental evidence through the use of
electron paramagnetic resonance EPR and elec-
tron-nuclear double resonance ENDOR on the
existence of pairs of substitutional atoms with
vacancies in Si. Sb-V (V is the vacancy), As-V,
and P-V centers were observed which introduce
acceptor levels at E,-0.43, E_,-0.46, and E,-0.47

4

eV (E, is the conduction-band edge), i.e., new
levels at a position different from the position of
the unpaired impurity or vacancy.’*~* Al-V pairs?
and O-V'®8 pajrs in Si were observed by the

same methods.

Pairing involves not only substitutional impuri-
ties. Substitutional Cu in Ge and Si is an accep-
tor while interstitial Cu is a donor. *° Pairing
between the substitutional and interstitial Cu
atoms in Si seems to play an important role in
the diffusion process.?® Similar phenomena seem
to operate in semiconductor compounds, where
impurities may act like donors or acceptors ac-
cording to which sublattice they occupy. This
has been observed for Sn, Ge, and Si in GaAs. "%
Donor-vacancy association in ZnS has already
been mentioned in connection with luminescence
properties. Other cases of donor-vacancy associ-
ation in III-V semiconductor compounds are given
in the literature.?

The foundational theoretical work on chemical
interactions among defects in Ge and Si was carried
out by Reiss and his collaborators some 15 years
ago.*# Our approach is quite different from that
of Reiss and collaborators and resembles that of
Tredgold and Carter® and of Hu. 2

In his first paper, Reiss proposed a scheme
that led to laws of mass action for the ionization
of donors and acceptors when they were simulta-
neously present in a semiconductor sample. This
scheme is based on stating the electroneutrality
condition and on postulating that the laws that give
the ratio of charged to neutral defects are un-
changed when both types of defect donors and ac-
ceptors are present. This kind of approach was
later extensively exploited by Kroger. #7

Reiss and his collaborators also carried out cal-
culations on the pairing of donors and acceptors,
on the assumption that the theory of ion pairing,
derived by Bjerrum? and Fuoss, # should be ap-
plicable to donor-acceptor pairing in semiconduc-
tors. They postulate a law of mass action for
paired and unpaired impurities [Eq. (9.4) of the
paper*],
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Np/(NA"Np)(ND—Np)=n’ (1)

where § is a complicated function of the tempera-
ture and the permittivity of the sample. In this
way they are implying that the only pairs that exist
are the positive-donor-negative-acceptor pairs
and that all free donors and acceptors are ionized.
This is a particular case, i.e., it should be valid
when both donors and acceptors are shallow and
the temperature is high enough.

The approach of Reiss is not adequate for a com-
plete description of the equilibrium involving pairs
with all states of charge, i.e., neutral-donors-
neutral-acceptors, neutral-donors—negative-ac-
ceptors, positive-donors—negative-acceptors.

Our approach is similar to the approach of Tred-
gold and Carter® and Hu.?® This approach, which
we consider more satisfactory, postulates an
equation for the free energy of the system and then
proceeds to obtain the amount of charged and neu-
tral defects of each kind by minimizing the free
energy. Tredgold and Carter applied this pro-
cedure to the pairing of donor and acceptor atoms
and Hu to the pairing of donor atoms and acceptor
vacancies.

Tredgold and Carter limit the usefulness of their
results by assuming that only one type of pair
(positive donors—negative acceptors) is pfesent.
The way in which the authors write the number of
configurations implies double counting. Also, the
authors state that they are considering the case of
a compound semiconductor. However, this is not
consistent with the way in which they write the
number of configurations. This ambiguity leaves
open the question of whether their results would
be applicable to a compound semiconductor.

The results in Hu’s paper come out in a rather

|
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cumbersome form. Also, the author failed to
notice that a law of mass action for pairs could be
derived from them. We prove this in the Appendix.

We believe that our approach is more general
because we treat both the donor-atom-acceptor-
atom pairs and the donor-atom-acceptor-vacancy
pairs and we consider the pairs with all possible
states of charge. We obtain a law of mass action
for pairs and show that there is a law of mass
action for each pair with a given state of charge
and the free impurities with the corresponding
states of charge, thus defining the range of validity
of Reiss’s results.

II. REDERIVATION OF LIDIARD’S RESULTS

We will rederive Lidiard’s®® results for the prob-
lem of pairing of neutral impurities with neutral
vacancies. We will write down the number of con-
figurations in a more careful way and we will ob-
tain slightly different results.

We consider a crystal with N matrix atoms and
N, impurities of which N;p are paired with vacan-
cies. The number of lattice points will be given
by

N=N+N;(1+p)+N,, (2)

where N, is the number of free vacancies.

For the first pair we can choose between N, sites
for the impurity atom and z nearest neighbors for
the second. However, since each pair can be
started from any of its two points, the number of
ways of placing the first pair is given by 32N,. The
number of ways for the second is given by 3z[N,

- (2" +2)], where 2’ is the number of sites which
are nearest neighbors of a pair of nearest neigh-
bors. Then the number of ways of placing N;p
pairs would be

[N /(2" +2)]1
[Ny/(z"+2) =N, p V(N p)!

(3

[N,/(z' +2)]!

F=Fy+N,g,+Np(g,+g)-kTIn ([%z(z' +2) V4P

[Ng=N;p(z' +2)]!

IN, /(2" +2) = N; p] L (N;p)!

N -N;p(z' +2) =N;(1 =p)I N;(1 -p)!

where F, is the free energy of the crystal without
vacancies, g, is the energy formation of a free
vacancy, and Ag is the energy associated with
impurity-vacancy pairing. We obtain the number
of vacancies and paired impurities from the con-
dition that the free energy be a minimum;

{N, =N [z+1+p(z' —2+1)]} )
{N;=N;[z+1+p(z' =z +1)]}IN, ! ’

OF _oF _
8N, op

0, (5

NAN=N[z+1+p(z'-z+ D]=e®/*T | (6)

P/ -p)=3z e'("v"'A‘)/’?T . Q)
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I11. PAIRING OF NEUTRAL IMPURITIES WITH
CHARGED AND NEUTRAL VACANCIES

Let us consider now the case of neutral impuri-
ties interacting with neutral and negative vacan-

|
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cies. This might be the case of impurities of the
same valence as the matrix in a semiconductor
(let us say C or Si in Ge).

We write down the free energy

F=F0+Ngsgv+N;s(gv+EA)+Nip(gv+WO) +Nip,(gv+W0+EA)

[Ny/(z"+2)]!

—kTIn ([%Z(Z'-FZ)]N“”")

[N;(p+p)]! 2V

[Ng/(2"+2) =N (p+p")] [N, +p")]!
[Ng=N;(p+p)(2'+2)]!

W) (Np') !

[Ng=Nij(p+p")z"+2) = N;(1 = p = p")(z+1)]!

[Ng=Ny(p+p)N2"+2)=N,(1-p~p) I [N;(1-p-p")]!

*INo-N{p+p)e +D=-Ny(A-p-p")z+1) - N, ]JIN, !

where NJ; are the free neutral vacancies, N;, are
the free negative vacancies, N, ;=N +N,,, E, is
the acceptor level of the vacancies (the zero of
energy is the edge of the valence band), W, is the
pairing energy between the vacancy and impurity
(it is taken as independent of the state of charge
of the vacancy), N;p is the number of neutral va-
cancy-impurity pairs, N; p' is the number of nega-
tive vacancy-impurity pairs, and N;(1-p -p’) is
the number of free impurities. The factor 2%vs
appears because of the degeneracy of the acceptor
levels.

We obtain the values of N;, N;,, p, and p’ from
the equations

8F

Ny, " 0, (92)
oF
’8?:— =M, (Qb)
V8
)
gf -0, (102)
oF
B M, (10b)

where U is the chemical potential of the electrons
in the acceptor levels.
The results are given by

Noﬂi =e'gv/kT (11)
N,=N;(p+p")z"+2) ’

Nys _
2[N,=N;(p+p")z"+2)] =€
b

(1-p-p')

- (g +E 4-n)/kT (12)

= %z o=, * W)/ kT , (13)

»’
=9 e'(gv"wo*'EA'“ )/ kT . (14)

1-p=-p')
From Eqgs. (11)-(14), we obtain

N,,! 2%vs
NN ) ()

I

1
1+%e(EA-IJ-)/kT

b’ Ny
P+P' - st ’ (15)
which agrees with the usual formula for the num-
ber of electrons in acceptor levels, 3

IV. PAIRING OF NEUTRAL AND NEGATIVE VACANCIES
WITH SUBSTITUTIONAL DONORS

We consider a system formed by a semiconductor
crystal with N matrix atoms and N, impurities
which act like singly ionizable donors. There are
N, vacancies and the vacancies act like singly ion-
izable acceptors. Pairing of donors and vacancy
acceptors as nearest neighbors is considered, any
other pairing effect is neglected. We consider
Np<<N. We consider that the energy of formation
of a vacancy at a nearest-neighbor position of an
impurity is different than the energy of formation
away from an impurity. We consider that neither
the vacancy- nor the donor-impurity levels are af-
fected by pairing. Four possible kinds of pairs are
considered:neutral-vacancy—neutral-donor (Nyg);
neutral-vacancy-ionized-donor (ND,); ionized-va-
cancy—ionized-donor (N_,); ionized-vacancy-neu-
tral-donor (N_). The total number of pairs is
given by

N,=Ngy+Ng, +N_,+N_y (16)
and the number of unpaired impurities is given by

Nps=Np =N, . 17)
The total number of sites will be given by

Ng=N+2N,+(Np - N,)+ NS+ N,

S

(18)
Ng=N+N,+Np+N3 +N;, .

Let us now define Np, as the number of unpaired
ionized donors and N?,s as the number of unpaired
neutral donors. Donor impurities have a ground-
state impurity level at E;, eV below the conduction
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band E,, and the vacancies have an acceptor level
E, above the valence band. We take the top of the

]

B. R. FRANCO AND M.

SCHOIJET 4

valence band as the zero of energy. Then we write
down the free energy

F=F0+Ngsgv+N;s@v+EA)+NBs(Ec"ED)'}'NO-r(gv + WO"'EC‘ED)"'NOO(gv +W0)

+N_ (g, +E4+Wy+E,~Ep+E,)+N_o(g,+ E,+ W) —len([%z(z’+ 2)]"

Np !2(N00+ Ny )2(N_00N.¢)

[N, =N, (z"+2)]!

[N/(z'+2)]!
[N, /(2" +2) -N,]IN,!

(N, = N,) 12WD-Np-N5s

No. INgg!N_, 1N !

X

[N, =N, (2'+2) = (Np =N,)(z+ D]

[N;= Np(z"+2) = Np+ N, ]I (Np = N, )! (Np =N, = N3, ING,!

NS+ Ng)12"s

where W, is the energy of interaction of the vacancy
and impurity as nearest neighbors excepting the
Coulomb interaction. E, is the Coulomb-interac~
tion energy between negative vacancy and positive
donor at nearest-neighbor positions. In the case
we are considering, E, is negative. We divide the
number of configurations into two factors, one for
the vacancy donor pairs and the other for single
impurities and vacancies. For the unpaired donors
and vacancies we write the number of configurations
in a way similar to that of Lidiard,* generalized

to include the states of different charge. The fac-
tors 2¥00*¥-0) and 2¥-0*¥.4) arise from the degen-
eracy of the donor and acceptor levels. In the way
the free energy is written down we have the implicit
condition that the number of donors is constant.

In order to get the number of pairs, neutral free
vacancies, negative free vacancies, and positive
donors for the state of equilibrium we apply the
following equations plus (9a) and (9b):

% —— (20a)
a—?\% -0, (20b)
a‘ﬁ -=0, (20¢)
;,% —u, (204)

where u is the chemical potential for electrons in
impurity levels.

Carrying out the partial differentiations, we ob-
tain

No.=32Ng,exp[ - (g,+ Wo+ E.— Ep+ p)/kT], (21)
Noo=2Njsexp[ - (g,+ W) /kT] , (22)
N.,=ZNgsexP [ - (gu+ EA + W0+ Ec - ED+ Eq)/kT] ’
(23)
N_g=2zN3,exp| = (g,+ Eq+ Wy~ w)/kT] . (24)

[Ng=N,(2"+2) = Np=N,) (2 + 1) = N& = NI (NS + Nj)!

NIING! , (19)

From these four equations, we obtain
NooN_,/Ng, N_g= eZa’*T (25)

Let us now obtain N. Using (9a) and (8N,/aN%,)
=1 after neglecting higher-order terms, we obtain

N/ [Ng=Np(2'+ 2)] = e /% ; (26)
for the negative vacancies, we obtain
| Ni/2[N = Ny(e D)= e A T (27)

Combining Eqgs. (26) and (27), we get
Nyo/Nys=1/(1+ ‘é‘e(EA"“)/kT) (28)

as should be expected for any acceptor-impurity
level. For donors using 8F/0NJ = u and 8N,/aN},
=1, we obtain

Nps/Nps=1/(1+ se- BemEprw) /RT) (29)

V. CONSIDERATIONS OF DIFFERENT\PAIRING ENERGIES
FOR PAIRS WITH DIFFERENT CHARGE STATES

Let us now consider the case in which the im-
purity levels of the pairs do not change but the en-
ergy of pairing changes because of the state of
charge of the pair. The energy of pairing of the
neutral-neutral pair is called W,, the energy of the
neutral-positive pair W,, and the energy of the
negative-neutral pair W,. Then by rewriting the
free energy (19) and following the same procedure
as above, we get

N_,Noo/No, N_o= exp{ - [2W, = (Wy + W;) ~E,| /kT} .

(30)

VI. LAWS OF MASS ACTION INVOLVING PAIRS AND
SINGLE DEFECTS

Assuming the number of donors to be a constant
we have obtained explicit equations for N,, Ny,, Ny,
N.,, N4, and N%,. From there we obtained the fol-
lowing laws of mass action involving pairs and
single defects: For the “reaction”

No» :Nl93+NI;S ) (31)
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NaNp, _ N, LltzeBefom)/ir No=N;+N3,, 37)
No, 2z 1+2e®cEp™)/AT we obtain
- 0
xe(Wo*Ec"ED*")/kT , (32) N}:GNDQ - (NS/Z) ewo/kT . (38)
-0
For the reaction From Eqgs. (34) and (36), we obtain a new law of
Nyo= NL+NJ3 (33) mass action involving pairs and single defects
- 4V,
we obtain NnNt?sNgs/NoONt:sNBs: eEq/kT (39)
0 Ar0 which corresponds to the “reaction”
NosNps (N,/z) e"o’*T . (34) o o
Noo N+ Njg+Nps 2 N_+ N2+ N . (40)
For the reaction The law of mass action (39) coupled with (25) im-
N, =Ng +N3 , (35)  Phes
we obtain NO+N-0N3sNgs=N30N;sNBs . (41)
N;oNp, N, 1+3 e (Be-Epw)/rT VII. PAIRING OF DONOR AND ACCEPTOR ATOMS IN
N = '%'; 1+ 2 g Ec-Ep+k) kT SUBSTITUTIONAL POSITIONS
x o (W0*Ec-Ep i +B) /RT | (36) We consider single-level donor and acceptor
atoms and only nearest-neighbor pairs. Then we
For the reaction write down the free energy

F=Fy+Np(E, —Ep)+N 3, Ep+No(Wo+E, —Ep) +Nog Wy + N_(E 4+ E, —=Ep+ Wy +E,) + N_o(E 4+ W)

- [N/(z' +2)]! N, 124 ¥oo* N0 g Nos+ Nog) [N, =N,(z' +2)]!
-len([zz(z AN/ G + =N N,! ~ NeuNegININ o1  [N,—Ny(2 +2) - Nps | ' Nps

_ Ny 2t bs [Ny =Np(z' +2) =Np (z +1)]! N, ! 2V4st
! N%s!Nﬁs! [Ns"Np(Z'+2) _NDs(z +1) _NAs] IN 4! Ngs' N!

X

) , (42)

[

where N7, is the number of free negative acceptors;  applies both for pairing of vacancy acceptors with
F, is the free energy of the pure matrix. We neglect donor atoms and for donor-acceptor atoms. In a

the effect of vacancies. Now we consider the num- similar way an equation involving pairs and single
ber of donor and acceptor atoms to be constant. defects is obtained which is like (39) except that we
Equations (20) apply to this case, and instead of replace NJ; and N, by N% and N 2s which corre-
Eq. (9b) we use sponds to a “reaction” analogous to (40). From
oF (43) (46), (48), and (49), we obtain, assuming N,~N_,,
—=U.
aNAs N-*
The number of sites is now a constant and is given (Np =N,)(N 4= N,)
by Ng=N+N 4+N,. We obtain
’
Ny, = 4ye~Wo*Ec-Ep+w) AT 44 2 exp[— (Wy+E, - Ep+E4 +E,)/kT]
o ’ @4) (Np — 27" exp[— (Wo+ E,— Ep+ Ep + E,)/kT]
Nm):,ye-Wo/kT’ (45)
: 1
_ -(Wo+Ep+Eo-Ep+Eq) /BT X
N =ye  MOATe DR AT, (46) Ny -2y"exp[~ (Wo+E,— Ep+E4 + E,)/kT|
N-(): Zye'(WO’EA""'>/kT s (47)
i = 51)
NDOs/NDs=1/(1 +%e‘(Ec'ED+ u)/kT), (48) =A (
NO/N 4 o=1/(1 +2e"#-ER /T (49) and from there we get
where we have defined N - 1+ (N, +Np)A={[1+ (N, +Np) A]? - 842N, Ny B
. - 24 )
YE,ZNgsN:As/[Ns'ND "Np(Z'_Z"‘l)] . (50) (52)
Combining Egs. (44)-(49) we obtain again (25). Reiss, Fuller, and Morin get instead of this [Eq.

This means that the law of mass action for pairs (9. 5) of their paper]
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N,

1

S(Np +N4 +1/Q) = [$(Np + N, +1/9)2 - N, N, |12 |
where
Q=47 fabrzeqzl""BTd'r ,

g being the charge of an ion, € the permittivity, »
the radial distance, « the distance of nearest ap-
proach, and b a distance for which the distribution
function of ions of opposite sign to the ion located at
the origin has a minimum.

Equation (46) does not agree with the result of
Tredgold and Carter.® Using our notation for their
equation (16) they obtain

N.. = Z p-EyhrrT
(N3-N)WNp=-N_,) N '

VIII. SUMMARY OF RESULTS AND DISCUSSION

We have obtained a law of mass action for charged
pairs of vacancy acceptor—donor atoms and for ac-
ceptor and donor atoms in an elemental semicon-
ductor. The law of mass action is independent of
the position of the Fermi level. We also obtained
laws of mass action describing the interaction of
pairs and single impurities.

The law of mass action for pairs could also be
obtained from Hu’s results. Since Hu’s uses gen-
eral degeneracy factors for the impurity levels, it
seems that the law of mass action does not depend
on the degeneracies of the levels.

The ratio of ionized to neutral unpaired vacancies
agrees qualitatively with previous results. 32

A more refinedtreatment would include the change
in the position of the impurity levels because of
pairing. To know this and to know the pairing en-
ergies of pairs of different states of charge would
require an effort to develop the quantum chemistry
of the quasimolecule formed by impurity pairing in
a semiconductor.

B. R. FRANCO AND M.
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APPENDIX: DERIVATION OF THE LAW OF MASS ACTION
FOR DONORS AND ACCEPTOR VACANCIES
FROM HU’S RESULTS

In Hu’ s paper the quantities derived from the free
energy are the total number of pairs, the number
of positive-donor-negative -vacancy pairs, the num-
ber of pairs having a positive donor, and the number
of pairs having a negative acceptor. These are
given in Eqs. (2.19)-(2. 22) of his paper. They are
connected to the number of pairs with given states
of charge; which we use, by Egs. (2.13)-(2.15) of
the same paper. Using these equations, we obtain

Ny Ny g &

N"’_Ns K 1+¢1+¢° (A1)
Ny Ny ok

Ny, & @r0+0 ° (42
NN, at

No= 0K @200 (43)
Ny Ny @

No=N "k @+0+D) ° (a9

where
a=ze"o/kT Bze-Ea/kT .
g___g:‘;e(EA-u)/kT’ £=g,,e(“'E”)/kT,
a1y [Na @ [y, 148
K—1+[Ns T+E <1+ Tat £>+(z+1)],

g4 and g, are spin-degeneracy factors of the A (im-
purity) and vacancy centers, and E, is either a
donor or an acceptor level. E, is the vacancy en-
ergy level, that we call E,.

Combining Eqgs. (A1)-(A4) we obtain Eq. (25).
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