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Binding energies, interparticle distances, oscillator strengths, and exchange corrections
are calculated for the three-particle complex corresponding to an exciton bound to an ionized

donor.

The results are given as functions of the mass ratio of the electron and hole.

Binding

of the complex is obtained for mass ratios up to 0.426. The interparticle distances are up to
50 times larger than the corresponding exciton radius. The oscillator strengths are about 10
times greater than those of free excitons, while the exchange corrections for the complex are

comparable to those of free excitions.
with experimental results on these.

I. INTRODUCTION

The three-particle complex consisting of an elec-
tron and a hole bound to an ionized donor is the
simplest possible bound-exciton complex. Hopfield®
has estimated the binding energies of bound-exciton
complexes by extrapolations of molecular binding
energies. More accurate calculations of binding
energies for the three-particle complex were car-
ried out by means of variational methods by Sharma
and Rodriguez? and Suffczynski et al.®

Here we compute binding energies of the three-
particle complex for a practically important inter-
val of electron-hole mass ratios m,/m, by adding
a long-range tail to the variational function. The
wave functions obtained in this variational procedure
are then, furthermore, used for computing other
characteristic quantities of the center, such as in-
terparticle distances, oscillator strengths, and ex-
change corrections as a function of m, /m,.

II. GROUND-STATE ENERGY

The ground-state energy of the three-particle
complex was calculated by variational means in the
effective-mass approximation. The effective-mass
Hamiltonian H for the complex is conveniently
scaled as follows:

H'=H/2E,

= =3 (my/m,) AL -+ A, +1/R,+1/R, - 1/R}y,. (1)

Here R, and R, are the distances from the ionized
donor to the hole and the electron, respectively,
while R,, is the distance between the electron and

hole. Further,
e*m n? e?
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The results are applied to CdS and ZnO and compared

and
a,=4ne €h%/e*m, (3)

are energy anu radius for the hydrogenlike accep-
tor in the semiconductor. The e is the electronic
charge, m, and m, are electron and hole masses,
respectively, €, is the permittivity vacuum, while €
is the low-frequency value of the dielectric constant
of the material. The primed coordinates are then
measured in units of a,. They are thus scaled with
the dielectric constant and the hole mass. It is seen
that the scaled Hamiltonian depends on only one pa-
rameter, the mass ratio m,/m,. In case of aniso-
tropic masses or dielectric constants a transforma-
tion* to the isotropic case can be applied. Hence,
only the isotropic solutions will be considered here.
The trial function was of the form,

-

N
f(R,, Ry =R} ‘21 X exp[- (A;Rq+ B;R;,+ C,R})]

-CoR}, _ ,-CR},

-AQR, e e
R}, ’

where the variational parameters are X;, A;, B,,
C;, Cy, and C, whereas 1/A; is the radius of the
donor. p and N were usually 2 and 4, respectively.
Previous calculations® of the ground-state energy
were performed only with the first part of this trial
function. The inclusion of the last term which is
similar to that used by Rotenberg and Stein® is
particularly useful when m, /m, is close to the value
where this complex ceases to be bound. Near this
limit the center is characterized, approximately,
by an electron in the donor level and a loosely bound
hole as described by the last term in the trial func-
tion.

By means of (4) the variational estimate of the
ground-state energy was obtained as a function of

+XN+1 e

(4)
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FIG. 1. Binding energy E for the three-particle center

relative to the donor energy E; as a function of the mass
ratio. mg/my=0 corresponds to the Hy* molecule. The
binding energy of an exciton to an ionized donor may be
found from Eq. (5).

m,/m,. The results are given in Fig. 1. The
ratio of the ground-state energy E to the donor en-
ergy E; varies monotonically with the mass ratio. ¢
We obtain binding of the complex up to m,/m,

= 0. 426 where we found (E ~ E,)/E,; = (1.8x10"4)%.
The binding energy given in Fig. 1 is that of a hole
bound to a neutral donor. The complex may equally
well be visualized as an ionized donor binding an
exciton with a binding energy

—E.- m\E-E, me
E Eex‘ |:<1+mh Ed +mh Eexv (5)
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FIG. 2. Expectation values of the interparticle dis-
tances in the three-particle complex in units of the ef-
fective Bohr radius of the hole a, (a) =4mr€ €h%/e?m,). The
case of my/my=0.20 is explicitly shown (in scale 1:2).
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where E,, is the binding energy of the free exciton.
III. INTERPARTICLE DISTANCES

It is important to know approximately the dis-
tances between the particles in the complex since
the validity of the effective-mass equation (1)
breaks down when these distances are too small.

It is, furthermore, of interest to calculate these
distances because they yield the extension of the
center and hence the largest possible concentration
of bound excitons before their envelopes substan-
tially overlap. The expectation values of the dis-
tances are computed by means of the trial functions
which gave lowest ground-state energy. The re-
sults are shown in Figs. 2 and 3. It is seen that
all the distances are greater than the donor radius.
The use of the effective-mass equation is therefore
justified. In the limit m,/m,~0, (R.)~(R,;)~0.69
*X(R,) as for the H," complex. Inthe limit where the
complex becomes ionized (R,,) and (R,) are large,
and (R, ) is slightly larger than the donor radius a,.

We have also computed the average interaction
energies between the particles which we define as
(e?/8m€€R), where R is the distance between the
particles in question. These energies are two
times smaller than the expectation values of the
corresponding potential energies. The results are
given in Fig. 4. It is seen that the binding energy
of the complex appears as the sum of the interac-
tion energies between the particles. It is interest-
ing to note that there exists anupper limit of R,
(and R,,) since curves (a) and (b) cross at m, /m,
=0.426. Here, the repulsive potential energy of the
hole equals the attractive potential energy, and the
hole ceases to be bound. At this point R, and R,,
are about 50 times greater than a;, the donor radi-
us, corresponding to the largest possible extension
of the complex. This relatively large extension of
the wave function in the direct space is consistent
with the observation of Reynolds et al.” that the
phonon side bands for three-particle complexes are
sharper than for four-particle complexes. This in-
dicates a more localized wave function in % space
for three-particle complexes.

Ratio
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FIG. 3. Ratios of the expectation values of the inter-
particle distances in the three-particle complex.
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FIG. 4. Expectation values of the interaction energies,
defined as half the potential energies. It is seen that
above the limit mass ratio the repulsive energy for the
hole is larger than the attractive energy, and the complex
cannot exist.

IV. OSCILLATOR STRENGTHS

The oscillator strength f, of the complex may be
obtained by computing the momentum matrix ele-
ment (p) between the crystal ground state and the
excited state corresponding to the three-particle
complex. From the definition of the oscillator
strength, one then finds®

_2KpY12_ [21pg 1% 1 - = |2
Je= 3mﬁw°—( 3m >ﬁw0 ?f(R’R)
p? - = |2
= o, Zﬁ)f(R, R)l, (6)

where m is the free-electron mass, w,is the fre-
quency of the transition, and f(ﬁ,, R,) is the enve-
lope functio_xl for the three-particle complex in Eq.
(4). The f(R,, R,) should be normalized such that
Z | AR, Ry|2=1. @)
R, Ry
The p., is the usual one-electron p-matrix element
between valence and conduction band, and P? is the
value of the terms in the brackets. Cardona® re-
ports that the value of P? is remarkably constant
within the different groups of materials. For II-VI
compounds he finds P?~ 21 eV, and for ITII-V and
IV-IV materials, P?=~23 eV. The modifying factor
[Sf(R, R)|% which multiplies the pure band-to-band
strength in (6), is not just the probability that the
electron and hole are in the same unit cell, as is
usually assumed in optical transitions. The factor
is the square of the sum of the amplitude probabil-
ities that the electron and hole are in same unit cell
or, if Fourier transformed, that the electron and
hole have opposite k vectors.
Introducing the oscillator strength f,, per unit
cell £ of the free excitons, one obtains®!°
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where we, and a,,, respectively, are the resonance
frequency and the radius of the free excitons. By
computing [3f(R,R)|? the ratio f, /f,, may be ob-
tained. Rashba and Gurgenishvili!! and Henry and
Nassau® have done this with a wave function for a
short-range potential representing very loosely
bound-exciton complexes. Here we compute

ILf(R, R) |2 for excitons bound to ionized centers by
means of the wave function Eq. (4) obtained in the
variational procedure. -

The computed values of |3 f(R, R)|2 for the three-
particle complex are given in Fig. 5 vs m,/m,. It
is seen that these values are of the order of 10
which means that the strengths of these complexes
are of the order 10* times greater than the strengths
of free excitons.

It is interesting to know the limiting value of the
oscillator strength when the center ceases to be
bound. To calculate this we use Eq. (6). Now, the
complex consists of an electron in the donor level
and a free hole in the valence band. For this com-
plex we have

=3 Q \/2 R,/ iK.R
f: R, Ry)= <m> e Felo oiE-Ry 9)
where N is the number of unit cells of volume € in

the crystal, a, is the donor radius, and K is the
wave vector of the hole. Then,

2
?_ﬁDf(R,ml 5

k

2
Z;zf;(R,R)I

_NQ 1 Bn’a 43,
~(2n)° J; NQna; Q+atlkIDH*

=1, (10)

where the contribution from each % vector has been
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FIG. 5. Enhancement factor for the oscillator strength

of the three-particle complex. The strength may be ob-
tained from Eq. (6) or (8). Above the limit mass ratio,

the enhancement factor is 1, corresponding to the inte-

grated strength of the recombination of a free hole and a

bound electron.
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FIG. 6. Factor determining the exchange correction

for the three-particle complex.  is the volume of one
molecule in the solid in units of the effective Bohr radius
of the hole a,. Since 3!f(R, R) |? is proportional to &,
the factor shown in this figure is the proportionality con-
stant ) | f(R, R) |2/Q2. The exchange splitting may be ob-
tained from Eq. (13).

taken into account. The oscillator strength for the
recombination of a free hole and a bound electron
therefore is

f=P%hw, . (11)

Note that this strength is independent of the mass
ratio and the donor radius.

V. EXCHANGE CORRECTION

The levels corresponding to parallel and antipar-
allel orientations of the electron and hole spins are
split by the exchange interaction. Only the state
with antiparallel spins is optically allowed. Thomas
and Hopfield!? mentioned that the exchange splitting
is proportional to the probability that the electron

and hole are in the same unit cell, i.e., 3zl f(R, R)I2

Henry et al. ' applied this result to weakly bound

excitons. Here, we compute the exchange splitting
of the three-particle complex by means of the wave
functions of Eq. (4).

The exchange splitting may be computed from
first-order perturbation theory. This has been done
for free excitons.* We modify these results to ap-

ply to the case of the three-particle complex. Eq.
(19) in Ref. 14 then becomes
8o=J r| fR,B|?, (12)

where J, is the exchange integral of the conduction-
and valence-band Wannier functions for the

same unit cell. Equation (12) represents only the
short-range part of the exchange interaction. The
long-range part [Eq. (11) in Ref. 14] vanishes for a
single isotropic center. If, however, all three-
particle complexes in the crystal are taken into ac-
count, a long-range exchange splitting is found.
The optically active excitations of this system of
centers have different energies, depending on its
transverse or longitudinal character. This splitting
between longitudinal and transverse states of the
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whole system of centers is due to the long-range ex-
change interaction. It may be computed in the same
way as for free excitons.* From Egs. (14) and (15)
in Ref. 14 one then obtains for the total exchange
correction of the three-particle complex

Ap=Jo D a|f® R)|2 - § (2N, /e )| Drf(R, R)?
(KL 1), (13)
Ay =Jol | f R B)|2+ 2(u2N,/€e) | Zn fR, R)|2
(RN D). (14)

Here Ay is the exchange energy of the transverse
states (optically active), A, is that of the longitudi-
nal states, K, is the magnitude of the dipole moment
associated with a valence-conduction-band transi-
tion, €, is the permittivity of vacuum, whereas €’
is the background dielectric constant at the transi-
tion frequency, and N, is the concentration of cen-
ters. A detailed calculation, based on the assump-
tion that the random distribution of centers may be
replaced by an ordered distribution, shows that
ITf(R,R)] 2 appears as the factor due to the centers
in the long-range terms and not 3| f(R, R)| 2 which
only is present in the short-range terms.

Note that the long-range exchange splitting be-
tween transverse and longitudinal states depends on
the concentration of complexes in the crystal, and
that it is proportional to the oscillator strength
(6) of the complex. It should be noticed that there
are three relevant energy states for the complex:
The state with parallel spin which is not affected by
exchange, and the states with antiparallel spins for
which the transverse and longitudinal states are
split.

The 3| f(R, R)I? is given in Fig. 6 for the three-
particle complex. It is of the order of 107 which is
the same order as for free excitons. Hence, the
short-range exchange correction for free and bound
excitons should be comparable. The long-range ex-
change correction Ay g for the bound excitons may
be expressed in terms of the long-range exchange
correction A, for free excitons and the oscillator
strength ratio (8) as follows:

ApLr=AB¢ree Ncgfc/fex‘ (15)

Since f,/f.y is of the order 10% N, should be of the
order 10'® cm™ to get Ay p comparable with Ay,
(Agree= — 3Epr, Where Eyq is the splitting between
transverse and longitudinal free excitons“). This
high content of impurities will, however, because
of the large oscillator strengths of bound excitons,
give rise to a bound-exciton absorption comparable
to the free-exciton absorption. This results in a
broad absorption edge below the band gap without
any structure. For most measurements on bound-
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TABLE I. Results computed for CdS and ZnO compared with experimental results. Only the three experimental
values of m,/my, m,, and E4 are used in the calculations.

cds ZnO

Parameters
o=my/my, 0.202 0.21°
me 0.20% 0.24°
E,y (meV) 272 594

Computed results

(E-Eg)/Ey (B) 3.1 2.7
E - E; (meV) 1.0 1.9 [=(E—E;)/Eyx Eg(1 +0)]
E—Eq [Eq. (5)] (meV) 6.4 13.4
[Zrr, B|? 31 29
f. [Eq. (6)] 255 180
fo/foxa® 1.0x10° 0.69%10°
DIFR, R 1 Y2 [a5®] 0.45%1073 0.49%1073
SIf(R, R) 2! 0.195x10-3 0.375x1073
A¢%[Eq. (12)] (meV) 0.49 0.83
Arg [Eq. (15)] (meV) -0.044 —0.061 (for 10'® centers/cm?
Agen (meV) 0.45 0.77

Experimental values
T tree (€V) 2.55266" 3.3758¢
(E - Eg)Expt (meV) 4.66—17.10" 11.3, 17.0, 20.9!
(Dezeh)Expt (MeEV) 0.317 0.9%

2Reference 4.

PReference 15.

°W. Baer, Phys. Rev. 154, 785 (1967).

4D. G. Thomas, J. Phys. Chem. Solids 15, 86 (1960).

°D. G. Thomas and J. J. Hopfield, Phys. Rev. 116,
573 (1959); Ref. 14.

'Qugs =49.4 A3, Q5,0=23.7 A% (per molecule), a is
found from a,=0.53 A[13.6 eVX02/Eq (1 +0)mgt/2,

€J,=2.2 eV (ZnO, Ref. 14). For CdS, J; is found from
Jy=3 (Ap +2A7) 1ad, /R, where Ap=A; —Ap and Ap=A—Ap

exciton levels one is therefore restricted to use
samples with N, <10'® cm™ s0 that Agg <Agpee™ Ag.
Hence, Apy is usually only a minor correction to
A,.

VI. COMPARISON WITH EXPERIMENT

The properties of the three-particle centers in
CdS and ZnO have been computed by means of the
results obtained in the previous sections. The val-
ues are given in Table I and compared with experi-
mental results on these materials. The parameters
used in the calculations are m,/m,, m,, and E,,.
The values for m, and m, determined from experi-
ments vary somewhat. We have chosen m, /m,
=0. 20 for* CdS and m, /m,=0. 21 for*® ZnO both of
these being obtained from measurements on exci-
tons. Thus, there are no adjustable parameters in

from Ref. 4, and a,, is the exciton radius [see also Eq.
(28) in Ref. 14]. Result: Jy=2.5 eV for CdS.

bReference 17.

1. Filinski and T. Skettrup, Proceedings of the Ninth
International Conference on the Physics of Semiconduc-
tors, edited by S. M. Ryvkin (Nauka, Leningrad, 1968),
p. 216.

JReference 12.

kReference 16.

the calculation. The experimental energy separa-
tions which should be compared with the computed
ones are those between the optically inactive states,
because only these are insensitive to exchange.

The optically inactive free exciton (T'g ¢res) has been
observed for both materials. The optically inactive
bound exciton (Ig yoma) is found from the observed
T's5,boma line by subtracting the experimental ex-
change splittings. ' The binding energies quoted
in Table I are the energy separations between the
T'g,eree and the T'g o404 €Xciton lines.

The observed values vary somewhat because the
binding energies depend on the type of donor which
bind the exciton. !” These effects of central-cell
corrections for the different kinds of donors are not
included in our calculations of the binding energies.

For CdS we compute a binding energy of 6.4 meV



4 PROPERTIES OF EXCITONS

whereas the experimental values vary from 4. 6 to
7.1 meV. For ZnO we obtain 13.4 meV and experi-
mental numbers range from 11.3 to 20.9 meV.
Thus, for both materials we obtain a good agree-
ment, since central-cell corrections are not con-
sidered here. Also the computed exchange split-
ting agree well with the observed values. The os-
cillator strengths are predicted to be 255 for CdS
and 180 for ZnO. The oscillator strengths have not
yet been measured. The computed values are
10-100 times greater than those reported for exci-
tons bound to neutral centers.® However, the fact
that the three-particle centers are actually ob-
served at helium temperature where only a few do-
nors are ionized indicates that the strengths must be
quite large.

VII. SUMMARY

Properties of the three-particle complex, con-
sisting of an electron and a hole bound to an ionized
donor have been computed as a function of m,/m, .
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The ground-state energy was calculated in the ef-
fective-mass approximation by the variational
method. The energy depends only on the mass ratio
m, /m, and varies monotonically with this. The
wave functions derived from the variational pro-
cedure were used for computing interparticle distances
and oscillator strengths of the complex. The ex-
change splitting between states with parallel and
antiparallel electron and hole spins was also com-
puted, and it was found that long-range effects may
be important when the concentration of centers is
large. Finally the properties of the three-particle
complexes in CdS and ZnO were calculated. By
comparing with experimental values, good agree-
ment was obtained.

ACKNOWLEDGMENT

One of the authors (M. S) would like to thank
Professor N. L. Meyer for the kind hospitality ex-
tended to him at the technical University of Den-
mark.

3. J. Hopfield, Proceedings of the Seventh Internation-
al Conference on the Physics of Semiconductors, Paris,
1964 (Dunod, Paris, 1964), p. 725.

‘R. R. Sharma and S. Rodriguez, Phys. Rev. 153, 823
(1967).

M. Suffezynski, W. Gorzkowski, and R. Kowalezyk,
Phys. Letters 24A, 453 (1967); M. Suffczynski and
W. Gorzkowski, II-VI Semiconducting Compounds, Prov-
idence, 1967, edited by D. G. Thomas (Benjamin, New
York, 1967), p. 384; W. Gorzkowski and M. Suffczynski,
Phys. Letters 29A, 550 (1969).

%3. J. Hopfield and D. G. Thomas, Phys. Rev. 122,
35 (1961).

M. Rotenberg and J. Stein, Phys. Rev. 182, 1 (1969).

§J. M. Levy-Leblond, Phys. Rev. 178, 1526 (1969).

D. C. Reynolds, C. W. Litton, T. C. Collins, and
E. N. Frank, Proceedings of the Tenth International
Conference on the Physics of Semiconductors, MIT, 1970,
p. 519 (unpublished).

8C. H. Henry and K. Nassau, Phys. Rev. B 1, 1628

(1970).

M. Cardona, J. Phys. Chem. Solids 24, 1543 (1963).

104, E. Glaubermann, A. V. Pundik, S. W. Kozitskii,
and M. A. Ruvinskii, Phys. Status Solidi 32, 61 (1969).

g, 1. Rashba and G. E. Gurgenishvili, Fiz. Tverd.
Tela 4, 1029 (1962) [Sov. Phys. Solid State 4, 759 (1962)].

2p G. Thomas and J. J. Hopfield, Phys. Rev. 128,
2135 (1962).

13C. H. Henry, R. A. Faulkner, and K. Nassau, Phys.
Rev. 183, 798 (1969).

YT, Skettrup and I. Balslev, Phys. Status Solidi 40,
93 (1970).

5R. E. Dietz, J. J. Hopfield, and D. G. Thomas, J.
Appl. Phys. Suppl. 32, 2282 (1961).

p, C. Reynolds, C. W. Litton, and T. C. Collins,
Phys. Rev. 140, A1726 (1965).

g, Nassau, C. H. Henry, and J. W. Shiever, Pro-
ceedings of the Tenth International Conference on the
Physics of Semiconductors, MIT, 1970, p. 639 (unpub-
lished).



