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The inAuence of central-cell corrections on electron-hole recombination energies of
donor-acceptor (DA) pairs in III-V and II-VI semiconductors is investigated. A varia-
tional treatment of the DA complex is developed in the framework of the effective-mass
theory, including the effects of interaction between the charge carriers and the
longitudinal-optical phonons within the static approximation. The effective-mass Hamil-
tonian of the DA pair, based on Frohlich s continuum theory, allows for central-cell
corrections by means of a suitable impurity model potential adjusted to experiment in the
case of isolated impurities. The orbital radii of the electron and hole wave function, its
departure from spherical symmetry, and the DA-pair energy are given as a function of
the donor-acceptor separation R. The central-cell correction is found to decrease appreci-
ably at small R. The results are compared with previous theoretical work and experi-
ments on zero-phonon spectra of DA pairs in ZnSe and in GaP. It is shown that the
central-cell correction cannot be neglected in order to explain the radiative DA-pair
recombination energies. The model potential adopted in the present work reproduces the
general trend of the R-dependent electron-hole recombination energies deduced from
DA-pair spectra involving dopants of various depth.

I. INTRODUCTION

Luminescence from donor-acceptor (DA) pairs
in semiconductors has been widely investigated
over the last several years. ' The subject is of
great interest, not only because the radiative
recombination of electrons and holes bound to DA
pairs is one of the most important mechanisms of
luminescence in semiconductors, but also because
the DA-pair spectra provide a large amount of in-
formation on the chemical nature and the physical
properties of the impurities involved. Recently, ex-
tremely accurate spectroscopic techmques have
allowed additional knowledge on the excitation
spectra of the impurities embedded in the host
crystal. The radiative electron-hole recombination
energy depends on the DA separation R. For dis-
tant pairs, the measurements are in rather good
agreement with the simple theoretical model pro-
posed by Hopfield et al. This model yields for
the energy h v of the emitted photon

2

Itv=E (Eg+ED)+-8 eoR
(1)

for the case of zero-phonon pair spectra. Here 6'p

is the static dielectric constant, e is the charge of
the electron, Eg is the energy of the band gap, Eq
and ED are the ionization energies of the isolated

acceptor and donor, respectively (see Fig. 1).
However, for closer pairs, the experimental re-

sults deviate from the asymptotic law, Eq. (1), due
to the increasing interaction between the consti-
tuents of the DA pair for small values of R. In
order to improve the agreement with experiment in
this range, several theoretical models have been
proposed: Variational calculations have been
developed to allow for the overlap between the
electron and hole charge distribution, " to in-
clude electron-hole correlation, ' or to study the ef-
fect of electron-phonon interaction' ' for the
case of polar semiconductors, where the charge
carriers may appreciably interact with the
longitudinal-optical (LO) phonons.

All these models are based on the hydrogenic
effective-mass theory (HEMT) and thus do not ac-
count for the chemical nature of the impurities in-
volved in the DA pair, since the donor and the ac-
ceptor ions are assumed to produce purely
Coulombic potentials. Nevertheless, whereas the
optical measurements on excited impurity states'
are reasonably well described by a Rydberg series,
which is nearly impurity independent and charac-
teristic of the host material, ' ' the ground-state
energy differs from one impurity to another and
may be considerably deeper than the value expect-
ed from the hydrogenic effective-mass theory. The
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FIG. 1. Electron-hole recombination energy hv for a
donor-acceptor pair with large interimpurity separation.
E& and E~ are the acceptor and donor ionization ener-

gy, respectively, and Eg is the band-gap energy. CB and
VB denote conduction and valence bands, respectively.

reason of this discrepancy is due to the fact that in
a small region around the impurity, the so-called
central cell, the bound charge carriers are more
sensitive to .the detailed structure of the impurity,
and the simple hydrogenic picture breaks down.
This effect is most pronounced for the case of ac-
ceptors involved in the DA complex and particu-
larly their ground state, where the bound charge
carrier is more closely localized near the impurity
than in their excited states. The difference be-

tween HEMT and experiment is generally referred
to as the central-cell correction. This effect has
been extensively studied in the case of isolated
point defects ' ' either by first-principles pseudo-
potential calculations or by means of a
phenomenological model impurity potential.

The purpose of this work is to include central-
cell effects in the DA-pair model in order to per-
form a systematic analysis of the zero-phonon
recombination spectra of various DA pairs in polar
materials such as GaP and ZnSe. We develop a
variational treatment in the framework of the
effective-mass theory, but use is made of a realistic
model potential whose asymptotic behavior at large
distances from the impurity center is Coulombic.

The outline of this paper is as follows: In Sec.
II, donor and acceptor ionization energies are de-
duced from measurements on several DA-pair
spectra. In Sec. III we describe the model poten-
tial and obtain its characteristic parameters for
various isolated impurities in GaP and ZnSe. Sec-
tion IV is devoted to the extension of the model
for the case of DA pairs. In Sec. V we compare
the present results of electron-hole recombination
energies to experiment and to previous theoretical
work for various combinations of donors and ac-
ceptors in GaP and ZnSe.

TABLE I. Electron-hole recombination energies h v„
(eV) for six different dopants in GaP.

Donors 0
S

'Reference 30.

1.3966
2.1882

Acceptors
Zn

1.3820'
2.1736

Cd

1.3495'
2.1411

The model potential described in the next section
contains an impurity-dependent parameter that is
selected so that the calculated ground-state binding
energy of the impurity coincides with its observed
value. However, the experimental determination of
the impurity ionization energies is far from being
trivial, and the values reported in the literature
differ very often from one author to another.
However, data on DA spectra can at least
partially eliminate this ambiguity. Here the de-
tailed measurements of the electron-hole recom-
bination energies of six different DA pairs in GaP
have been compiled, combining the donors 6 and S
with the acceptors C, Zn, and Cd. Assuming that
for distant DA pairs (R~ oo) Eq. (I) holds, the ap-
plication of a linear regression technique to the
measurements carried out in the asymptotic limit
leads then to the quantities eo and hv„=Eg
—(Eq+Eii). We find for the static dielectric con-
stant eo ——11.1+0.1, in agreement with the value

eo ——11.02 obtained by Vink et al. Table I shows
the results for hv„.

Table I enables us to eliminate the band-gap en-

ergy Eg and yields the relative donor energies
E~ —E~ ——791.6 meV and the relative acceptor en-

ergies Ez —Ez"——32.5 meV, E&"—E& ——14.6 meV,
and E~cd E~c 47. 1 meV. Thus only one donor
and one acceptor ionization energy is needed in or-
der to determine the whole set of binding energies.
As reference energies we use the data E~ ——107
meV and Ez ——102.5 meV obtained from photoex-
citation spectra ' and by interimpurity recom-
bination involving an isoelectronic trap. This
leads to E~ ——898.6 meV, a value slightly larger
than that previously deduced from ir absorption
measurements. ' Furthermore, the above three re-
lations for the acceptor ionization energies are then
satisfied for Ez" 70 meV and——Eq 55.4 meV. ——
From these results and Table I we obtain for the
energy of the indirect band gap in GaP the value
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E~ =2.3506 eV. Note that the knowledge of Eg al-
lows the determination of the exciton binding ener-

gy E from the inore accurate measurements of
the energy Eg —E„=2.3285 eV required to create a
free exciton. The above value of Es yields
E„=22.1 meV, in excellent agreement with recent-

ly published data.
In the case of ZnSe, detailed measurements

that involve the Li acceptor combined with the
donors Al, Ga, and In are available. The values
for Eo and hv„obtained by fitting Eq. (l) to exper-
iment are listed in Table II. For further calcula-
tions we have chosen eo 9 42——'. In. the case of
ZnSe, only three spectra were available, and there-
fore the above-mentioned procedure could not be
applied here. However, the ionization energies de-
duced from radiative recombination of excitons
bound to neutral donors ED' ——26.3 meV,
ED' ——27.9 meV, and ED"——28.9 meV are consistent
with the values for hv„shown in Table II for
Ez' ——114 meV and Eg ——2.825 eV.

III. FORMALISM FOR A SINGLE
IMPURITY CENTER

In polar semiconductors the movement of an
electron is best described in the framework of
Frohlich's continuum model, which allows for
the interaction between the charge carriers and the
LO phonons, i.e., the "polaron model. " Extensive
work has been devoted to the problem of a polaron
bound by a Coulomb potential, and analytic solu-
tions are obtained in the limiting cases when the
LO-phonon energy fico is much smaller or much
larger than the effective Rydberg R' associated
with the impurity center. For the dopants con-
sidered here, it can be shown that the electronic or-
bital time v.

p is, in fact, small compared to the
period of the lattice vibrations vz

——2m. /co, associat-
ed with LO phonons. In this case, the lattice
"feels" merely the mean electronic charge distribu-
tion rather than the instantaneous electron posi-
tion, and the "adiabatic approximation" or Born-

eH = — V' — + V„(r)
2@i 6pf

k

where r denotes the position of the electron (hole),
the donor (acceptor) impurity being taken as origin
of the coordinate axes. The first term represents
the kinetic energy of the electron (hole) with band
mass rn, (ms) and charge —e (e). Note that due
to central-cell effect, the Coulomb potential felt by
the electron is now modified by adding a correc-
tion V„(r) The qu. antity

~
Vj,

~

is a measure for
the strength of the interaction between the electron
(hole) and the LO phonons of wave vector k. Fol-
lowing Frohlich, ' we have

V e„ Ep

which can also be written

~Vk~ = (~)
V 2' CO

' 1/2
1

k
(4)

where ao is the electron (hole) LO-phonon coupling

TABLE III. Comparison between the period of LO
phonons ~~ and the electronic orbital period ~0 for vari-
ous dopants in ZnSe and GaP. &0 and ~~ are measured
in units of 10 ' sec.

ZnSe Al Ga LiIn

Oppenheimer approximation is most appropriate. "
Indeed, a rough estimate of the orbital time can be
obtained from the electron binding energy E; by
using a Bohr-type model. This yields ro-iii/2E;.
The results for the dopants in Gap and ZnSe are
given in Table III and compared to ~&.

From this we may conclude that the limiting
case is valid here. %ithin the adiabatic approxima-
tion ' for the particle-lattice interaction, the
effective-mass Hamiltonian of a donor-impurity
center can be written as

TABLE II. Electron-hole recombination energies hv„
(eV) and static dielectric constant eo obtained from DA-
pair spectra in ZnSe.

To

7p

7.9
13.5'

7.4 7.2 1.8

Al
Donors

Ga In
GaP Zn Cd 0

Acceptor Li h v„
6'0

2.6847
9.45

2.6829
9.39

2.6825
9.42

7p

Tp

3.3
8.3'

'Reference 49.

4.5 2.0 1.9 0.23
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screening factor froin I/e„ to

1 e2/( fi/2m'�)1/2
2

1 11 5+
e 16'

(10)

or

p-„=(y(r)
~

e' "'
) q(r) },

(6}

where the wave function y(r) is a solution of the
Schrodinger equation

Hp(r)=Ey(r) .

In view of the application to the more complex
DA pair in the next section we now search for an
analytic solution of the integro-differential equa-
tion (7). This can be achieved by choosing a trial
function for tp(r ) whose parameters are determined

by a variational method. For the donors (and ac-
ceptors) considered here, the most reasonable
choice for the ground-state wave function q&(r ) is a
hydrogeniclike trial function

(~& 3 }
—i /2 r/a—

whose orbital radius a is taken as a variational
parameter. Let us first neglect the central-cell
correction [V„(r)=0]. Miniinizing the expectation
value ( gr( r)

~
H

~ y( r) ) with respect to the varia-
tional parameter a yields then for the ground-state
energy the simple expression

I'

1 me 11 5

2 fP 16@0 16m„

Thus allowing for the electron —LO-phonon in-
teraction results in a modification of the Rydberg

Here V is the volume of the crystal and e the
high-frequency dielectric constant. In this approx-
imation, the source of the lattice polarization is the
charge distribution described by the Fourier
transform

pk =fdr
I m(r) I"'"'

For instance, in the case of shallow donors in ZnSe
(see Table IV) one obtains for the ground-state en-

ergy the values —58.48 and —33.57 meV, respec-
tively, without and with the electron-phonon in-
teraction. In order to compare with the measured
ionization energies of donors in ZnSe (see Table V}
one must subtract from Eo the energy of a free po-
laron —aofico when electron-phonon interaction is
included. Although the value —19.923 meV ob-
tained in this manner is close to experiment, there
remains a slight discrepancy. This is not surpris-
ing, because the ground-state energy depends on
the details of the potential felt by the electron in
the immediate vicinity of the impurity, the so-
called central cell. A simple Coulomb potential
does not account for this feature and yields
impurity-independent ionization energies. The
difference between the HEMT and experiment is
usually referred to as the central-cell energy. A
rigorous treatment of this correction can only be
achieved by first-principles calculations, including
the detailed electronic structure of the host crystal
as well as of the impurity ion.22 i4 However,
these calculations require heavy numerical compu-
tations and their extension to more elaborate sys-
tems, such as DA pairs, would be quite complex.
The problem can be dealt with in a more tractable
manner by simulating the effect of the impurity by
means of an analytic short-range potential. The
model potential adopted here accounts for the fol-
lowing features: the relaxation of the electron gas
due to the excess charge of the impurity and the
modification of the ion core due to the replacement
of the host ion by the impurity ion.

The first requirement can be fulfilled if al-
lowance is made for the wave-number dependence
of the dielectric constant. The Coulomb poten-
tial is written as a Fourier expansion

TABLE IV. List of material parameters. eo and e„are the static and optical dielectric
constant, respectively, m, (ml, ) is the electron (hole) band mass expressed in units of the free
electron mass, %co is the LO-phonon energy, and a, (ap, ) is the electron (hole) LO-phonon
coupling constant.

GaP
ZnSe

E'p

11.02
9.42

9.09
6.10

0.365
0.16

mg'

0.67
0.52

%co (meV)b

49.97
30.50

a,'
0.192
0.448

ag"

0.260
0.880

'Reference 15.
bReference 49.
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ER EHEMT
I

(meV)
E;

(meV)Impurity

TABLE V. Parameters for dopants in GaP and ZnSe. Ionization energies E;, orbital radii a, and model potential
parameters K' and A, for various isolated impurities. E;—E; and E;"—E;" are the contributions due to the short-
range potential and the screened potential, respectively.

Host a K' E ER

crystal (A) (A ') (meV)

GaP Donors S
0

HEMT
Acceptors C

Zn
Cd

HEMT

107.0
898.6
35.9
55.4
70.0

102.5
72.3

2.33
1.35

15.00
10.86
8.51
5.24
8.20

1.246
0.861
1.916
1.194
1.780
5.281
1.916

1

1

—1

—1

—1
—1

—1

65.7
857.3

—65.3
—50.7
—18.2

5.4
5.4

48.4
48.4
48.4

ZnSe Acceptors Li
HEMT

Donors Al
Ga
In

HEMT

114.0
82.3
26.3
27.9
28.9
19.9

5.53
8.20

19.55
18.41
17.76
26.70

5.267
2.074
0.676
0.626
0.603
2.074

1

—1

1

1

1

—1

5.8
7.4
8.6

38.0

0.5
0.5
0.5

q +K
„e( )q=e„

e„q +K
(12)

where E is adjusted for each material. We find for
ZnSe and Gap the values 2.074 and 1.976 A
respectively.

In order to satisfy the second requirement, an
additional short-range potential with parameter K'
is introduced. Inserting Eq. (12) in Eq. (11) we
then obtain

dq e'q'
V(r) = 4me J—

e„(q)q

where e„(q) is the optical dielectric function of the
host crystal.

Dispersion curves for e„(q) have been computed
from first principles for several semiconductors in-

cluding ZnSe and Gap. ' The above numerical
results can be fitted by the analytic expression

E; =(q(r) ~~
~
q&(r))„+~o~ (17)

has been applied with success to excited state spec-
tra of group-III acceptors in Ge.and Si.

The present potential [Eq. (15)] has the same ex-

ponential behavior as that given in Eq. (16). It
leads to the model potential including only the re-

laxation of the electron gas in the limiting case
J ' —+ ao instead of a'=K as in Ref. 26. On the
other hand, allowing for )(,=+ I in Eq. (15), the
model potential used here enables the treatment of
the various impurities involved in the DA spectra
studied in the next section. Finally, the present
semiempirical potential yields the result obtained in
the framework of the HEMT for A, = —1 and
K'=K.

The parameter K' and the value A, =+1 are now
selected by adjusting the theoretical result for the
ionization energy

2

V(r }=—— [1+(e„—1)(e "+le ")],

where A, takes the values +1. Thus

(13)

to the experimental data compiled in Sec. II. Here
the quantity (y(r)

~

H
~
y(r))„corresponds to the

variational result obtained from Eqs. (2), (6), (8),
and (15) by minimizing

with

2

V(r}=—— + V„(r),e„r (14)
(tp(r)

~

&
~
q(r))
fg~ e 11 5+

2pyga
2 a 16''o 166„

L

&m —1 e
V (r)= — "

(e '+k,e «")

A similar central-cell potential

(15) 4e 1—
a

1 1

(Ea +2)' (E'a+2)'

E —1
V„(r)=— " —(2e '—e ~")

r (16)
with respect to the orbital radius a.

To illustrate the procedure adopted here in order
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to obtain the parameter Ir. ", let us consider, for in-

stance, the case of donors in ZnSe. In this case the
values m„eo, e (cf. Table IV), and Ir =1.916 are
the input parameters. The variational results for
E; as a function of lr" are shown in Fig. 2. The
values E;"=20.496 meV (dotted-dashed horizontal
line in Fig. 2) and E; =19.923 meV (dashed
horizontal line in Fig. 2) are obtained for Ir. "=oc

and K'=K, respectively, with k= —1. Note that
the experimental results for the ionization energies
of the donors In, Ga, and Al studied here (solid
horizontal lines in Fig. 2) all require A, =+1. The
same procedure has been applied to acceptors in
ZnSe and to donors and acceptors in GaP and the
results for K', A, , and the orbital radius a are given
in Table V. Figure 2 clearly demonstrates the ef-
fect of the short-range potential measured by
E; E;, as—compared to the effect produced by a
screened potential, i.e., E; —E;,on the ioniza-
tion energy of a given donor E; in ZnSe. In the

two last columns of Table V, we show the results
for the impurities studied in this work. As shall
be seen in Sec. V, the very large short-range contri-
bution obtained for the oxygen donor in GaP will
greatly affect the DA-pair energy for the case of
Gap(&, c).

IV. FORMALISM FOR THE
DONOR-ACCEPTOR PAIR

The extension of the formalism developed in the
preceding section to the DA pair is now straight-
forward. The Hamiltonian of the system is written
as a sum of two parts:

H =Hp I-H„. (19)

Here, Ho is the effective-mass Hamiltonian of the
donor-acceptor pair including electron —LO-
phonon interaction within the adiabatic approxima-
tion

e 1 1 1H = — V, — Vp+-
2mh eo

I r, —R
I

rh r,

2
~ +

1 f Vh/ ~ ik ~ r . ik rh —ik ~ r
2 g [pk(e ' —e ")+pk(e ' —e

k

1 1

—i k ~ rh )],

2

(20)

where R, r„and rh denote the positions of the ac-
ceptor center A, of the electron e, and of the hole

h, respectively, when the donor impurity D+ is
taken as the origin of the coordinate axes (see Fig.
3). The source of the ionic polarization is now
given by the Fourier transform

p-„=(&ii(r„rh)
~

(e ' —e ")Fii(r„rh))
(21)

in terms of the electronic part Pii( r„rh) of the
DA-pair envelope function.

The second contribution H„represents the
central-cell correction

H„= VD(r, ) —V~(rh)

—V~(
I r. —R

I
)+ V~(

I rh —R
I »

described by means of the short-range potential
(1S). Here, the subscripts D and A refer to the par-
ticular value of E' and associated with the donor
and acceptor impurity, respectively. As in Sec. III,
we now proceed with the variational calculation of
the DA-pair ground-state energy. Neglecting
electron-hole correlation effects, ' we choose a
product of one-particle functions for the trial an-
satz:

FR(r rh) ~ip (r )Ph(rh) (23)

Te
1+s—cos8,

a
—3/2 —+

(r )= e
a —

~ rh —R ~/a
Ph h 1/2( 1 + 2)1/2

(24)

) ri, —R/1+0 cosOg

where 8, and 0I, are defined in Fig. 3 and a and a
characterize the size of the orbitals, whereas s and
o. allow for nonsphericity of the electron and hole
charge densities, respectively. An upper bound to
the DA-pair ground-state energy can now be ob-

For distant pairs, the Coulomb interactions be-
tween the donor and acceptor impurities are weak,
and the wave functions y, (r, ) and yh(rh) are al-
most spherical ls functions (8). However, for close
DA pairs, these Coulomb interactions give rise to a
deviation from spherical symmetry, which may be
accounted for by adding a term of p symmetry to
the ls trial function. This leads to

—3/2a —r, /u

1/2( 1 + 2)1/2
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tained by minimizing the expectation value

E(R)= (Fs(r„rs) IHO IF~(r„rs)&

+ (FR {r. r ~ }
I
H- I F~ ( r. r s ) &

with respect to the variational parameters a, a, s,

and o. Detailed analytic expressions for the quan-
tity

(F~(r. rs)
I HO

I
F~(r. ~~) &

are given in Ref. 15 and are not reproduced here.
For the second contribution in (26) we obtain

(Fs(r„rs) I H„
I
Fz(r„rh)&

1
1 — [I(a,s,K)+ADI(a, s,KD)+I(a,o,K) T{a,—s,K)+A&I(a, cr, K& )—T(a, o,K—)

00

A,„T(a—,s,K& }—ADT(a, o,KD—)] (27)

with

I(a,s,K}= 4
a(1+s )(Ka+2)

T

X &+
(Ka +2)

(28)

and

dr & 2r/ae —E~ —r —R
I

T(a,s,K)=
7ra 1+s r —R

'2

1+s—cos8
a

{29)

30-

25-

Detailed expressions for T(a,s, k) are given in the
Appendix. The variational results for the orbital
radii a and a, the deformation parameters s and cr

and the energy E are given as a function of the
donor-acceptor separation R in Table VI for vari-
ous dopants in GaP and for ZnSe doped with In
and Li.

o 20--
E

LLI

ER

V. DISCUSSION AND COMPARISON
WITH EXPERIMENT

10-

(
I 1

3
I I

0 1 2
K'(A )

FIG. 2. Determination of the model potential param-
eter EC' for donors in ZnSe: Variational results for the
ionization energy E; as a function of the model potential
parameter E'. The upper and lower curves belong to
A, =+I, respectively. Solid horizontal lines indicate the
ionization energies and the corresponding values for K'
{column six in Table V) related to the In, Ga, and Al
donors, respectively. Dashed horizontal line shows the
value obtained in the framework of the HEMT {E'=E),
and dotted-dashed horizontal line represents the result
for E; obtained by including only the relaxation of the
electron gas in the model potential {E'~w).

In order to demonstrate the effect of the chemi-
cal shift, the formalism developed in the preceding
section has been applied to pair spectra resulting
from three different kinds of dopants in polar
semiconductors: the shallow dopants In and Li in
ZnSe, the moderately deep dopants such as S and

e

A

h
/

/
/

/

FIG. 3. Molecular model of the donor-acceptor pair.
The coordinates of the electron e, the positive hole h,
and the acceptor A are chosen with reference to the
donor D+.
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TABLE VI. Variational results as a function of the pair separation R for various dopants in ZnSe and GaP: the

first column shows the host material and its dopants (inside parentheses); columns 3—7 show the electron and hole or-

bital radii (a and a), the electron and hole s-p mixing parameters (s and 0.), and energy E(R) of the DA pair. The last

column gives the central-ce11 energy E (R) obtained from the present results E(R) by substracting the HEMT value
(Ref. 15).

GaP(S,Zn)

GaP(S,Cd)

GaP(C, O)

ZnSe(In, Li)

R
(A)

35
30
25
20
15
10
5

35
30
25
20
15
10

5

35
30
25
20
15
10
8
5

35
30
25
20
15
10

5

(A)

2.31
2.30
2.30
2.30
2.30
2.30

21.65
2.31
2.31
2.31
2.31
2.31
2.29

20.03
1.35
1.35
1.35
1.35
1.35
1.35
1.35
1.36

18.23
18.56
19.13
19.90
20.65
22.20
33.45

a
0

(A)

8.50
8.50
8.50
8.51
8.67
9.38

21.46
5.24
5.24
5.24
5.22
5.17
5.27

18.62
10.86
10.86
10.87
11.00
11.41
12.38
12.91
13.74
5.59
5.58
5.57
5.54
5.57
7.71

28.86

—0.000
—0.000
—0.000
—0.001
—0.002
—0.015
—0.052
—0.000
—0.000
—0.000
—0.000
—0.001
—0.005
—0.056
—0.000
—0.000
—0.000
—0.000
—0.000
—0.002
—0.006
—0.001
—0.047
—0.064
—0.084
—0.100
—0.093
—0.056
—0.036

0.003
0.008
0.019
0.041
0.079
0.124
0.067
0.000
0.000
0.001
0.006
0.025
0.082
0.073
0.011
0.024
0.044
0.073
0.111
0.140
0.141
0.115
0.006
0.008
0.012
0.022
0.055
0.123
0.058

E(R)
(meV)

—199.3
—199.2
—199.1
—199.9
—202.2
—213.6
—290.5
—231.8
—231.8
—231.8
—232.7
—233.8
—240.9
—289.8

976.3
976.3
976.0
975.5
975.1
975.3
977.2
995.1

—184.6
—184.7
—185.1
—185.7
—190.2
—216.0
—335.6

E„(R)
(meV)

67.2
67.1

66.9
66.5
63.2
48.1

0.2
99.7
99.7
99.6
99.3
94;8
75.4
0.9

844.2
844.2
843.8
842. 1

836.1

809.8
778.3
704.4
41.2
40.7
39.8
37.5
33.5
25.6

—2.7

Zn and S and Cd in Gap, and deep impurities such
as 0 combined with C in Gap. From the results
in Table VI, the following general trends can be
deduced for all DA pairs studied here: The orbital
radii a and a of the electron and hole, respectively,
increase with decreasing DA-pair separation R.
This is caused by the electrostatic interaction ex-
perienced by the charge carriers. Indeed, as the
impurities are brought together, the electron
"feels" the repulsive action of the negatively
charged acceptor ion more and more, while the
hole experiences the repulsion by the positively
charged donor ion. At the same time, this leads to
an enhancement of the departure from spherical
symmetry along the DA-pair axis and thus causes
an increase of the deformation parameters s and cr.

In the last column of Table VI we have listed
the central-cell correction E„(R) to the DA-pair

energy, i.e., the difference between the present re-
sult E(R) and that obtained in the framework of
the hydrogenic effective-mass approximation. '

The present results show a strong decrease of the
central-cell effect with decreasing DA-pair separa-
tion R. For very small values of R (R -5 A), this
correction nearly vanishes, and the variational
parameters a, u, and o. obtained in the present
work are close to those obtained neglecting
central-cell effects, '5 except for deep dopants such
as oxygen. This behavior is easily understood from
the enhancement of the orbital radii when R is
lowered. As a consequence the electron (hole)
charge distribution is spread out over larger dis-
tances from the donor (acceptor) impurity at small
R values, and thus the probability of finding the
electron (hole) in the central-cell region decreases
when the DA-pair separation diminishes.
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Let us now discuss in more detail the differences
between shallow dopants and deep dopants: Al-
though the dopants In and Li in ZnSe (see Tables
V and VI) can be considered as fairly shallow im-

purities, we see from the present results that the
central-cell contribution to the DA-pair energy still
ranges from 0% up to 22% for R equal to S

and 35 A, respectively. In the other extreme the
case of deep centers such as 0 and C in GaP (see
Tables V and VI), this correction accounts for 86%
to the total energy at large R and only decreases
for R below 10 A due to the very small orbital ra-
dius of the electron bound to the oxygen donor irn-

purity.
Furthermore, we note that for shallow dopants

(In and C) the orbital radii increase smoothly over
the whole range of R values listed, whereas for
deeper impurities (Li and 0), they remain constant
over a wide range of R values, increasing abruptly
below a given impurity separation which is smaller
the deeper the impurities are. This can be ex-
plained from the difference in effective Bohr radii
for the isolated impurities (see Table V): For in-

stance, in the case of ZnSe, the donor orbital ra-
dius (17.76 A for the In donor) being larger than
the acceptor orbital radius (S.S3 A for the Li ac-
ceptor), the electron-acceptor repulsion responsible
for the increase in orbital radius, sets up at much
larger values for E. than the hole-donor interaction.

Finally, it can be seen from Table VI that the
deformation parameters s or o. pass through a
maximum value at a critical DA-pair separation
R, . This critical pair separation is reached when
the electron (hole) charge density starts to "em-
brace" the acceptor (donor) ion. We see from the
present results that A, is larger for shallow
dopants (R, =20 A for In) than for the deeper im-

purity (R, =10 A for Li) as expected. In sum-

mary, the general trends sketched above are more
and more pronounced as we turn our attention to
DA pairs involving deeper impurities.

The R dependence of the DA-pair energy E(R)
obtained in the present work is best compared to
experiment by analyzing the deviation b,E(R) from
the ideal 1/R law, Eq. (1). Thus we define

2

hE(R) =hv(R) =Eg+E(R—) . (30)
e()R

In order to demonstrate the effect of the depth of
the dopant on the E dependence of the electron-
hole recombination energy hv(R) we have plotted
the measurements versus 8 for three different DA
pairs in GaP (see Fig. 4). Here the asymptotic
value AE(R = ao) =Es E„ED has been taken —as—

0-
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8 -20
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I

Q'

4J-
-40

GaP(S, Cd}
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/
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I j
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FIG. 4. Experimental results for the departure of the
electron-hole recombination energy b,E=hv(R) —e /epR
from the ideal 1/R law. Measurements for various
dopants in Gap (Ref. 27) taking hv„=DE(oo) as origin
for the energy scale and for E'p=11 ~ 01.

origin for the energy scale, and the physical
parameters given in the previous sections have been
used.

Figure 4 clearly exhibits the departure of the ex-
perimental results from the ideal 1/R law, Eq. (1).
The distance E. at which this deviation sets on
strongly depends on the depth of the dopants in-
volved in the pair spectra. As we shall see in the
following, the present theoretical model accounts
for the above deviations and their dependence on
the depth of the impurity.

In Figs. 5 —8, we have plotted our theoretical re-
sults for b,E (solid curves) versus R for different
dopants in ZnSe and Gap. In each case a compar-
ison has been made to experiment (dotted curves)
and to the corresponding theoretical results
bEo(R) obtained in the framework of the HEMT
(Ref. 1S) adjusted to experiment at R = oo (dashed
curves). 5

For the three combinations of dopants investi-
gated in ZnSe, the DA-pair energy is almost the
same. Therefore we only display the results for
one pair spectra.

As seen from Figs. S—8, the variational calcula-
tion adopted here yields an upper limit to the mea-
surements in the whole range of 8 values, as re-
quired by such a procedure while the HEMT
curves lie below the experimental data for close
pairs. This improvement is clearly due to the in-
clusion of the R-dependent central-cell effect.
Indeed, as discussed above, the central-cell contri-
bution to the DA-pair energy decreases with E. and
thus leads to a continuous raise of the quantity AE
when the donor and acceptor impurities become
closer and closer together. The difference between
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FIG. 5. Deviation [AE=E(R)+Eg7 of the DA-pair
energy from the asymptotic value hv„=Eg —E& —ED
(E~ and E~ are the acceptor and donor ionization ener-

gy, respectively, in the case of ZnSe doped with Li and
In); the points correspond to the experimental data (Ref.
36) with e()——9.42; solid and dotted curves show the
present theoretical results and those obtained from
HEMT (Ref. 15), respectively.

15

the present work and the HEMT approach is most
striking for the case of the deep DA pair
GaP(C, O) (see Fig. 8) for which our theoretical re-
sults provide a quantitative agreement with experi-
ment in a large range of R values. This is related
to the fact that for the DA pair GaP(C, O), the
most important contribution to the pair energy is
due to the short-range effect produced by the oxy-
gen donor (up to 88% of the total energy). As a
consequence, the charge carriers remain far more
localized around their respective impurities, even at
short interimpurity distances, than in the case of
shallow DA pairs and thus interact only weakly.
It follows that for GaP(C,O) the presence of the

2.09 .

2.07 ~

I
I
I
I
I
I
I
I

5 15 R ($) 25

FIG. 7. Deviation hE vs DA-pair separation R in
the case of GaP doped with S and Cd: . experimen-
tal results (Ref. 27), ———HEMT (Ref. 15), —present
theory.

short-range contribution in the present model po-
tential leads to a nearly constant value for b,E(R),
even for relatively close DA pairs.

At small R, there remains, however, a slight
discrepancy between theory and experiment, which
may be partially due to the breakdown of the adia-
batic approximation used here in order to account
for electron —LO-phonon interaction. In addition,
for very close pairs, R -5 A, the prment DA-pair
model is questionable and should be replaced by a
DA pair made up of an exciton bound to a dipole
field created by the donor and acceptor ions. No
significant improvement seems to be expected from
the use of other model potentials. However, calcu-
lations made with step potentials did not yield

139-
~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ ~ g + I ~~a a

2.16-

4P

tt. l

«3
2.14 ~

a P (S,Zn)

2.12-

255
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FIG. 6. Deviation hE vs DA-pair separation R for
GaP doped with S and Zn: . - experimental results
(Ref. 27), ———HEMT (Ref. 15), —present theory.
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FIG. 8. Deviation hE vs DA-pair separation R in
the case of GaP doped with C and 0: . experimen-
tal results (Ref. 27), ———HEMT (Ref. 15), —present
theory.
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good agreement with experiment. On the other
hand, applying s the potential of Eq. (16) leads to
results that differ from the present calculations
only by a few tenths of a meV.

VI. CONCLUSIONS

In this paper we have studied the importance of
central-cell effects on the electron-hole recombina-
tion energy for various combinations of dopants in
GaP and ZnSe. The analysis of the experimental
DA spectra is made in a systematic and self-
consistent manner. The variational treatment is
based on a model potential that includes the effect
of the chemical nature of the dopants involved in
the DA pair.

It is shown that the central-cell correction de-

creases when the donor and acceptor impurities are

brought together. Whereas for distant pairs this
effect contributes from 20% up to 80% to the
DA-pair energy, depending on whether the impuri-
ties are shallow or deep, it almost vanishes for
close pairs. The impurity-dependent departure
from the ideal I/R law for the electron-hole
recombination energy is well described by the
present model.
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APPENDIX: COMPUTATION OF THE INTEGRAL T(a, s, k) IN EQ. (27)

Using the Fourier transform of e ~
' " ~/( r —R

~

the function T(a,s,k} can be expressed in terms of
the following integrals:

This yields:

2 ~ dk kssinkR

(k'+E') [(a/2)'k'+1]"
2 " dk k&coskR

0 (k 2+I]'2) [( /2)2k 2+ 1]

(Al)

(A2)

with

S] ] ](E,a) 2s a s T3T(a,s,E)= ' '

2 + —T2+(1+s )R 1+s2 R 1+s R

1
T2 ———S] ] 3(E,a}—C2 ] 3(E,a),

(A3)

(A4)

3 Q Q
T3 —S] ] ](E a) aS3 ] &(E a) —3—C2 ] 4(E a—)+3

2 S, , 4(E a) (A5)
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