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Capture Modes Revealed by the Study of Line Intensities in GaP Pair Spectra

P. J. Dean
Bell Telephone Laboratories, )array Hill, New J ersey 07974

and

Lyle Patrick
westinghouse Research Laboratories, Pittsburgh, Pennsylz ania 15235

(Received 5 January 1970)

The capture mechanisms preceding photon emission by donor-acceptor pairs were clarified
by the study of spectral-line intensities. Strong violations of the rule "equal intensities per
donor-acceptor pair" were found in GaP under conditions of low excitation. Abrupt changes
of intensity with changing separation of the donor-acceptor pair were attributed to changes in
capture mode, and were related to critical dissipation energies in the capture process. The
closing of capture channels and phonon resonance capture adequately explained the two kinds
of observed intensity anomalies. An accurate calculation of the critical energies required the
evaluation of multipole, van der Waals, and polarization energies. This led to a unique method
of determining the polarizability of impurity atoms in solids. The measured polarizabilities of
donors and acceptors in GaP are smaller than predicted by the model of a hydrogenic atom in a
dielectric continuum.

I. INTRODUCTION

The many sharp lines of donor-acceptor (DA )
pair spectra have been studied extensively in
GaP '" and in other semiconductors. The pho-
ton energy depends on the DA separation primar-
ily because of the monopole Coulomb interaction~
of the DA ions aft;er electron-hole recombination.
The multiline nature of the spectrum is then ex-
plained by the fact that only discrete values of DA
separations are permitted by the lattice structure.
The possible positions of donors about a given
acceptor (or of acceptors about a donor ) can be
grouped into equidistant shells. 'o The shell num-
ber m can be identified for each line by fitting the
spectrum, and it is then convenient to use the num-
ber m to tag the spectral line. '

Analysis of the spectral-line energies gives
information on a variety of semiconductor proper-
ties, such as donor and acceptor ionization ener-
gies, van der Waals interactions, the dielectric
constant, "and multipole moments of the substi-
tuted atoms. '

Spectral-line intensities have not received as
much attention. ' In this paper we show that an-
alysis of line intensities yields considerable in-
formation on capture processes. We exhibit sev-
eral examples of abrupt changes in intensity with
changing m in GaP pair spectra, and we interpret
the data in terms of changes in capture mode.
The analysis also provides a unique way of mea-
suring the polarizability of impurity atoms in
solids.

Lax' ' discussed the capture of electrons and
holes by independent donors and acceptors, and
summarized the experimental information avail-

able in 1960. In pair spectra, however, photon
emission is preceded by the two-step capture of
an electron and a hole by an interacting donor and
acceptor. This double capture is like the cap-
ture by independent ions only in the limit of dis-
tant pairs (very large m). For most values of
m, the DA interaction has a strong influence on
capture that is most easily discussed by consid-
ering the two units of energy given to the lattice
in the two capture steps. These are not the do-
nol' and acceptox' lonlzatlon enex'gles Eg) and Eg~
but are quantities E» and El,» defined below
(see Fig. l), that depend on the order of cap-
ture (electron first or hole first ) and on the DA
separation.

The DA interaction energies must be considered
in the various stages of the capture process.
Depending on the charge states of the donor and
acceptor these are the monopole Coulomb, polar-
ization, and van der Waals energies defined in
Fig. 1. They are all functions of the distance
between donor and acceptor, hence functions of
m. The Coulomb and van der Waals energies can
be obtained by analysis of the spectral-line ener-
gies, but the polarization energy can only be ob-
tained from an interpretation of line intensities.

The line intensities in DA spectra have previ-
ously been studied as a function of excitation in-
tensity. At high excitation, many DA pairs are
saturated, i. e. , the rate-limiting step in light
production is the radiative recombination. Line
intensities can then be explained in terms of the
number of contributing sites and the overlap of
electxon and hole wave functions. There is no
dependence on capture rates for saturated pairs.
However, the close pairs we shall consider are
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FIG. 1. Schematic of excitation-recombination cycle
using the e-h capture branch. Circled charges are the
DA ions, and the arrows indicate successive steps in the
cycle, excitation being one step and recombination three.
The DA interaction energy is shown for each stage of the
cycle.

Before a DA pair can emit a photon through el-
ectron-hole recombination, the donor must cap-
ture an electron and the acceptor a hole, a double
capture that may occur in either order. We will
call the electron-first process "e-h capture" and
the hole-first process "h-e capture. " Cross sec-
tions are written ol for first capture and o2 for sec-
ond. Thus, the total capture probability is deter-
mined by the four cross sections o, (e-h), o, (h-e),
o2 (e-h), and o2 (h-e). In the limit of large DA sep-
arations, o& (e-h) and o2(h-e) are equal, as are the

seldom saturated. In order to make certain of
this, we used low excitation rates in the range
where the relative intensities of the close-pair
lines are not a function of the excitation intensity,
i. e. , the transitions are unsaturated. Differences
in capture rates for different m then show up as
intensity differences.

We look especially for the sudden changes in
intensity with changing m that indicate a change
in capture mode. We interpret such changes in
terms of certain critical values of the energy
units E» or E». For example, one critical va-
lue of ELl is the value zero for hole-first cap' ~re,
which occurs at a particular m. At smaller m,
the necessity of electron-first capture reduces
the capture rate by an order of magnitude in two
spectra shown here. Another critical condition
occurs when EL2 becomes equal to the energy of
a TO or LO phonon. Three examples are given
in which this phonon resonance enhances the cap-
ture rate.

The complete excitation-emission cycle is ex-
amined in Sec. II to see how the DA interactions and

the energy balance determine the dependence of
the capture mode on the shell number m. Exam-
ples from GaP spectra are presented in Sec. III,
and some of the results are compared with theory
in Sec. IV. In the Appendix a multipole analysis
of DA pair interactions' is used to improve the
earlier assignment of the Cd-0 pair lines.

II. DEPENDENCE OF CAPTURE CROSS SECTIONS
ON DA SEPARATION

EL1 ED+ Ec Epol &

EL2 = EA+ Epol Ev&W

Av=Eg- (ED+EX)+Evdw-Ec ~

(I)

(2)

(3)

Unless otherwise stated we take Eo = —e /esto
be the dominant monopole term in the Coulomb in-
teraction between the ionized DA pair. '

B. Dependence of Capture Cross Section on FL, I

Of the three interaction energies, E„,and E„„„
are small except for close pairs (small m). How-
ever, -Ec is about 50 meV at m = 50 and is more
than 100 meV at m = 10. In the region of well-re-
solved spectral lines, -Ec is therefore comparable
with ED or E& and gives E» a strong dependence on
In. The size of E», in turn, determines the pos-
sible mechanisms of first capture, hence the mag-
nitude of the cross section ol.

other pair, but when DA interaction is significant
these cross sections are usually quite different, and
they vary with shell number m. Both o, (e-h) and
o,(h-e) tend to decrease with decreasing m, but not
necessarily monotonically. For shallow donors and
acceptors, both eventually go to zero for small
m, but usually at different values of m. The two
second-capture cross sections have a consider-
ably weaker dependence on m.

In Sec. IIA we consider the energy balance in
DA luminescence, and we define the energies E»
and E» that are important in determining cross
sections. The change of E» and E» with changing
m is discussed in Sec. IIB, and in Sec. IIC the
observed dependence of the capture rate on the
square of the DA separation is made plausible for
the region dominated by the Lax capture mechan-
ism

A. Energy Balance Equations

An excitation energy & E, is required to pro-
duce an electron-hole pair, and in DA lumines-
cence this energy is returned in three steps. The
energy ELl is given to the lattice" in the first cap-
ture process, E» in the second, and, finally, a
photon of energy hv is emitted. These three en-
ergies are all functions of m because of DA inter-
actions. As the number of ions change from two
to one to zero, the interaction changes from Cou-
lomb to polarization to van der Waals. For a DA

pair, these interactions are all attractive; hence
the Coulomb, polarization, and van der Waals en-
ergy Ecp Eppl and E„«areall negative quantities.
The other energies are positive by definition. The
complete excitation recombination cycle is shown
in Fig. 1, from which the following relationships
are obtained. They are written for an e-h capture.
If the capture is h-e, the ionization energies ED
and E& should be interchanged.
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FIG. 2. Schematic of first capture (in e-h branch) as
a function of DA separation. The relative energies of
free and bound electrons depend on the shell number m.
(a) Capture into ground or excited states (large m);
EI &=ED, (b) capture into ground state only (medium m)~
El.&& fE~(n=l) —ED(n=2) j; (c) phonon resonance cap-
ture (at m for which EI, (

-—k&To or A~Lo); (d) capture not
possible (small m), El ( ls negative. Similar consider-
ations apply also to second capture, but EI & varies much
less than EI, &

and the situation shown in (d) does not
occul

The way in which the capture mode may change
with changing m is illustrated in Fig. 2. At large
m, E» is positive even when the binding energy of
a shallow excited state is used in place of E~.
Therefore, the I ax cascade capture mechanism is
permitted, and a large ol is expected at low temp-
eratures. An estimate of the dependence of gl on

DA separation for large m is given below.
At medium m, Fig. 2(b) indicates that the excit-

ed states may no longer be able to bind an electron,
i. e. , the ground-state binding energy E~ is requir-
ed ln Eq. (1) to keep E» positive. When tpl falls
in this range, v& is reduced.

For a particular m, the situation illustrated in
Fig. 2(c) may obtain, in which E» is equal to the
energy of an optical phonon (I~). We then expect
a large ol, for what we call resonance capture, be-
cause the emission of only one phonon is required.

Finally, Fig. 2(d) shows that Ez, , may vanish for
small m, making capture impossible. Here the
E~„term may also be important. Vhth unequal E~
and E&, ol vanishes first for the impurity with the
smaller ionization energy, shutting off one of the
two recombination channels. At still smaller m,
o& may vanish also for the other impurity, with the
result that the DA pair can no longer function as
a luminescence center except as a result of exciton
capture. "

Figure 2 may also be used to illustrate second-
capture processes, but E» has no dependence on

E~, and therefore varies with m much less rapidly
than E» does. Even for small m, E12 is not re-

duced enough to bring about the situation of Fig.
2(d), i. e. , second capture is never impossible.

C. Capture into Excited States (Lax Mechanism)

We can now use Eq. (1) to account for the depen-
dence of capture probability on DA separation 'or
large m. I ax' showed that the large observed cap-
ture cross sections of donors or acceptors at low
temperatures can be explained by capture into the
large orbits of the shallow excited states. A limi-
tation to finite-sized orbits is imposed by the con-
dition E,„-AT, where E,

„

is the binding energy of
the isolated impurity state with principal quantum
number n, andkT is the thermal energy. For the
low-temperature capture by a donor in the pres-
ence of an ionized acceptor, —E, &kTexcept for
the most distant pairs; so instead of E,„~ATwe
take E,„~—E,+E„,, where E„,refers to the nth
excited state of the impurity. This is the require-
ment for positve E»(n), i. e. , we require energy
to be given to the lattice on capture of an electron
into the nth state. ' For large DA separations E„,
is negligible, and we note that-E;„is half the Cou-
lomb interaction energy of the donor with its orbit-
al electron. Therefore, the limiting impact para-
meter for capture is- —,

'
x, half the DA separation.

This simple estimate" yields a o, proportional
to H. If first capture is the rate-limiting step, the
double-capture process will also be proportional
to H. Such a dependence on DA separation was
previously suggested by Thomas et gl. "on intui-
tive grounds, "and was suported by experimental
evidence.

The above estimate was obtained by considering
n as a continuous quantum number, but as z de-
creases the discrete nature of the quantum states
becomes more significant. For sufficiently small
mp

Ej2 EC+ Eyol t

and only capture into the ground state is possiMe.
Since E,„c{-n, one would expect a sudden drop in
cross section by a factor 16 when E» is reduced
to the point that only ground-state capture is pos-
sible. This reduction factor may be considerably
larger for those donors or acceptors where the
central cell interaction produces a large increase
in binding energy only for the ground state E,, (E;).

For most impurities E,2 is = 10 to 20 meV, and
hence the reduced capture cross sections would be
found at very large m, where the spectral lines
are not resolved.

III. EXPERIMENTAL RESULTS

Our experimental work on pair spectra consists
of a study of selected spectral regions that show
a strong dependence of line intensity on DA sepa-
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The gl eatest intensity changes Rre observ-
ed when the excltlng light 18 16lRtlvely 'weak~ hence

the m dependence of line intensity i.s attributed to
the m dependence of the double-capture rate. The

strong m dependence we examine here is seen only

infrequently. For the most part, pair spectra have

been successfully analyzed on the assumption of

weak m dependence. ' The intensity ratio of two

nearby lines is then given approximately by the

ratio of the numbex's of equivalent pai. rs contribut-

ing to the two bnes, as determined by the lattice
geometry. ID other words~ the usuRl x'ule 18 eqURl

intensities per donox'-acceptor pair. "Our intex'est

18 limited to poltlons of spectx'R 1D which R stx'ong

violation of this rule is observed. Each of these

portions is considered to be evidence of a change

in captuxe mode.
To identify the reason for the change in capture

mode we evaluate E» and E» using Eqs. (l) and

(2). For the spectra shown here we know E„,E~,
and E~. As for the small quantities E~, and E„«,
we can make an estimate of the fox'mer and an ap-
proximate measurement of the latter. A considex-

ation of these energies enables us to identify the

critical change in E» or E» that forces a change

in capture mode, hence in the double-cRpture rate.
We thus obtain a measure of the relative effective-
ness of certain capture mechanisms.

The sudden intensity changes reported here fall

into two categories. In the first, called a "cutoff, "
there is an abrupt decrease of line intensity with

decreasing m, and we can show that the cutoff is
due to the closing of a capture channel. In the sec-
ond., called a "resonance, " the line intensity is en-

hanced for one or two values of rn. The spectra
showing a cutoff in one capture channel are de-
sex'lbed ln Sec. IIIA those showing R cutoff ln both

capture channels in Sec. III 8, and those showing a
phonon resonance in Sec. III C.

A. Intensity Cutoff in Infrared Pair Spectra

Fox' exRmples of lntenslty cutoffq the tllx'ee spec-
tl'R of Ref. 5 wex'6 reexamined UDdel lo%' excltR-
tion. In each spectrum one impurity is the very

deep donor 0, with ED = 895. 5 meV, a value

large enough to ensure E» &0 for the e-h capture
channel for all spectral lines. Qn the other hand,

E» should go to zero for the h-e capture channel

at different values of m in the three spectra, for
E~ is, respectively, 48, 64, and 96.5 meV for C,
Zn, and Cd. '4

The pRlx' spectx'R of Flg. 3 wex'6 1ecolded pho-

tographically, using excitation intensities as low

as possibl, consistent %ith adequate resolution of
the weak lines. '~ In the Cd-0 pair spectrum [Fig.
3(a)], the rule of equal intensities per donor-ac-
ceptor pair would predict I,/I, = 2 for the two com-

ponents of shell m = ll, but we measure I,/I, = 0.25.
Lines with m & 11 are too weak to appear in this
spectrum, so there is an intensity cutoff between

lines 11b and 11R, as indicated by the letter C in

Fig. 3(a). The corresponding lines in the Zn-0
spectrum are shown in Fig. 3(c), with I,/I„=l 5&—
close to the expected x'Rtlo for constRDt-cRptux'6

cx'088 86ctlon.
The lines 11a and 11b are shell substmc'tuse

components that must be identified by a multipole

field analysis, given earlier for the ZD-0 spec-
trum, '6 and given in the Appendix for Cd-O. Both

substructure components have m = 11; hence they

have the same value of the monopole Coulomb en-

ergy, but when the multipole texms are added they

differ in total Coulomb energy by 6. 1 meV for Cd-
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FIG. 3. Densitometer recordings from photographic plates of portions of (a) the Cd-0; (b) and (c) the Zn-0 type-gI

infrared DA pair spectra in GaP. The bracketed integers denote the shell numbers m. The unbracketed integers denote

the numbers of pairs within a given shell or, for close pairs, within a given shell subcomponent. The bars C mark

positions at which the pair line intensities show abrupt decreases with increase in transition energy. The linewidth

is limited by the instrumental resolution employed, as is true also in Figs. 4-6.
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TABLE I. Data used in Eq. (4) to place limits on

Epo] EJ 1 Ez and E»1 al 1 refer to the bracketed atom
in each line. Ec includes mult'ipole terms for Cd-O.
All energies are in meV.

Spectrum, Line EL1( ) E;() -E, -E,()
(cd)-o
(cd)-o
(zn)-o
(zn) -0
zn-(s)

or Cd-(S)
zn-(s)

or Cd-(S)

lib
lla
28
27

10

&Q

&0
&Q

&0

96.5
96.5
64
64

&0 104

&0 104

104.6 & 8. 2
110.7 & 14.0
66.4 & 2.4
67.7 & 8.7

113.5 & 9.5

120 &16

The tentative assumption that E» is positive for
lib and negative for lla permits us to use Eq. (1)
to calculate limits for the only unkown E„,. Hence,
for the h-e channel

p01 EL1 EA EC ~ (4)

For the h-e channel the capture order of Fig. 1 is
reversed, and the polarizable atom is the acceptor.
If we find a reasonable value for E„,, we may con-
clude that the likely reason for the intensity cutoff
is that o& (h-e)» o, (e-h); in other words the clos-
ing of the h-e capture channel for kv & 1.455 eV
forces the donor-acceptor pair to operate in the
relatively slow electron-first capture mode.

The Zn-0 spectrum in Fig. 3(b) has a similar
intensity cutoff between the lines m = 28 and 27.
Multipole terms are negligibly small for this
larger DA separation (19.8 A for m = 27 instead of
12.4 A for m = 11). The Coulomb energy is shown
in Table I, and we again use Eq. (4) to place limits
on E„,. The polarization energy is expected to
vary as r, and (19.8/12. 4) '=0. 15, so the polar-
izabilities found for the Zn and Cd atoms are not
very different. The magnitudes of these and
other polarizabilities will be compared with those
given by Lax's formula' in Sec. IV

For rn ~ 27, the Zn-0 intensities are greatly re-
duced, but are again roughly rn independent down
to m = 10 [Fig. 3(c)j. For close DA pairs our cap-
ture model is not very useful because we do not
have simple analytic expressions for the various
interaction energies defined in Fig. 1. An alter-
native model of electron or hole capture by a di-
pole may then be more appropriate but the dipole
model does not appear to be very useful in predict-
ing capture rates.

No intensity cutoff was observed in the C-0 pair
spectrum. With E„=48 meV, the cutoff would be
expected near rn = 50, where the lines of the spec-
trum are not well resolved.

We have attributed the large intensity change in
the Cd-0 and Zn-0 spectra to the fact that o, (e-h)

»o, (h-e). A large first-capture inequality is not

expected in general, but is thought to be due to the
small capture cross section of the very deep donor
0. Capture of an electron into an excited state of
0 is not possible for the pertinent values of m, and

capture into the ground state requires the dissipa-
tion of a very large energy in multiphonon or photon
emission. " On the other hand, o2(h-e) need not be
small because second capture into excited states is
possible. This explains why electron capture by 0
may be fast in the h-e channel but slow in the e-h
channel.

A comparable intensity cutoff has not been obser-
ved in the green pair spectra that are produced
when both donor and acceptor are shallow. An ex-
ample is given in Sec. IIIB.

B. Double Cutoff in Green Pair Spectra

With the donor 0 replaced by S (ED IO4 me+),
the spectra of Fig. 4 were obtained" for compari-
son with Fig. 3. The cross section o, (h-e) does
not depend significantly on the change in donor, so
h-e capture must again become impossible for m
~ 27 in the Zn-S spectrum. No intensity cutoff is
observed, however, because the replacement of
0 by S increases o,(e-h).

The comparison of Cd-S with Cd-0 is somewhat
different because the multipole splitting of rn = 11
is very small in Cd-S. The closing of the h-e cap-
ture channel therefore occurs between m = 11 and
10 and apparently reduces the intensity by a factor
of 2, a small reduction compared with that observ-
ed for Cd-0. The further cutoff between m =10
and 9 is discussed below. In view of the arguments
presented in Sec. IIIA, we would expect o, (h-e)
to be comparable with o,(h-e) for Cd-S pairs, in
contrast to Cd-0 pairs.

A new intensity cutoff. , due to the closing of the
second-capture channel, is now observed in both
Zn-S and Cd-S between m = 10 and 9. This is not
unexpected, for ED(S) is only 7. 5 meV greater than
E„(Cd) It is v.ital to our interpretation that the
cutoff occur at the same m value in both spectra,
of Fig. 4, for cr, (e-h) depends only on the common
donor S. With both capture channels closed for
rn ~ 9, the possibility of exciton capture explains
the appearance of the remaining weak lines.

The cutoff in the Zn-S spectrum was used by
Hopfield to estimate Eo(S), neglecting E„,(S). '
now have better data, and a separate determination
of ED(S), we therefore use the cutoff and Eq. (1) to
place limits on E~, (S), as shown in Table I."

C. Enhanced Capture Due to Phonon Resonance

Figure 5 shows a different kind of intensity anom-
aly. In the unsaturated C-S and Mg-S spectra most
lines obey the approximate rule of equal intensities
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TABLE lI. Data used in Eq. (2) for E1,2. The un=
known E~o& refers to the bracketed donor atom, which

f' t, and it, is adjusted to make E1.2 equal to
a TO or LO phonon energy. The DA separation at

taken as the average separation of pairs
with enhanced capture rates. All energies are in meV.

Spec trum Lines

C-(S} 13-15
Mg-(S}

C-(Se}

E~ -Eve
14.41 45. 5 48 5 7.5
1435 502 535 5 83
14.92 45. 5 48 5 7, 5

per donor-acceptor pair, but m == l5 and 13 in C-
d = l5 and 14 in Mg-8 (marked H in Fig. 5

are distinctly stronger than expected. The fac
that no such enhanced intensity was obsexved in
Zn-8 and Cd-8 (Fig. 4) suggests that the effect is
related to hole capture. C and Mg are shallow ac-
ceptox's wlt 'th E =48 and 53. 5 meV, respectively, ~

and the h-e capture channel is closed(E» nega-
tive) ln the region of enhanced intensity. . The
cross section of interest is therefore crs (e-h).

We calculate Ezs(e-h), usmg Eq. , ),&2& and find
the values shown in Table II. The E,d„was mea-
sured by fitting the spectra using Eq. (2) and E„,—

(S) was first estimated by using the limits on E
„

(8) in Table I. Finally, the suggestion of reso-
nance with a TG or I G phonon was used to ad-
3us yo).t E to the value shown. Confidence in our in-

terpretation of the enhanced intensity therefore re-
quires the final value of E„,(S) to be a, reasonable
one. A discussion of E~, and a comparison with
theory are given in Sec. IV.

F 6 shows C Se and Zn-Se pair spectra for
comparison with C-S and Zn-S. Replacement of
S b Se should make little difference in capturee s
processes, for E~(Se) is only = 2 meV less than
ED(8). A phonon resonance is observed for m
= 15 in C-Se as in C-S, but I=13 is now off reso-
nance. Zn-Se is consistent with Zn-S in that no
resonance is seen.

The absence of resonance for the deeper aceep-
tors is easily explained. Equation (2) shows that
Ezz dit'fers from E„onlyby the difference between
the two small quantities E„,and E„„.Hence,nce the
requirement for resonance is that E„beonly
slggkl'/p largex' than Acoyo or AcoLoo Fol Cp withE„=48 meV, EI.3 can be reduced to A~o= 45. 5
meV, but there cannot be a resonance with I G, for
which ha= 50. 2meV. For Mg, with E„=53. 5 meV,
E» is reduced to 50. 2 meV at m = 15and14, but
never reaches 45. 5meV for resonance with TG.

We have not observed capture enhancement by
'Iphonon resonance when E~, = Sv~o or RoLo. I or

the impurities used (except 0), EI, is always less
than these phonon energies except at large m where
the spectral lines are unresolved.

The second-capture channel is closed for I ~9
in all our S or Se spectra, but there is not always
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ortions of (a) the C-Se and (b) the Zn-Se unsaturated green DA pair spectra in
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CAPTURE MODES REVEALED BY THE STUDY OF ~ - ~ 1895

In this section it is shown that the deduced values
Ep, &

in Tables I and II are reasoriable in magnitude
and consistent with each other, supporting our in-
terpretation of the intensity anomalies. However,
the deduced E„,is smaller than predicted by Lax's
formula, which is based on the model of a hydro-
genlike atom in a dielectric continuum. ' It is
possible that the calculated E„,is too large for
close pairs, for the calculated E„d„is known to be
much too large under these circumstances.

A. Comparison of Experimental and Calculated E
Pol

An approximate value of E„,for a hydrogenlike
atom in GaP is obtained by assuming unity effec-
tive mass (m" = mp)

' and the corresponding ion-
ization energy Ep = 118 meV. Using the known val-
ue of E~, of the hydrogen atom (monopole-dipole
approximation) and considering only the effect of
the dielectric' with e = 10.75, "we find a factor
e ' from Lax's Eq. (6. 2) and a factor & from Lax's
Eq (6. 5),. giving

—E~,) (mp, Ep) = e E~o) (H)

= (5, 53 x10 / r ) meV A 4 . (5)

This value of -E», is shown as the straight line in

Fig. 7 for comparison with the plotted experimen-
tal values from Tables I and II. It should be re-
membered that the x dependence of E„,given in

Eq. (5) is rigorous only for large r compared with

the orbital diameter of the neutral center.
A correction to Eq. (5) for effective mass m*

and true ionization energy E& is made by using
La.x's Eq. (6. 5).

Ey.i (&&* E;)/E,.) (~~p, Ep) = (mp/m*) ( E/ pE)' .
(6)

Values of E; for the polarizable atoms Zn, Cd, Se,
and S are, respectively, 64, 96. 5, 102, and 104
meV. The large correction for the E& of Zn(&3)
spoils the apparent agreement of Fig. 7. The
smaller corrections for the other atoms increase
the discrepancy between calculated and experimen-
tal values. Use of an effective mass m*&mp would

further increase the disagreement.
There is some doubt' about what value of effec-

tive mass to use in Eq. (6), so no further adjust-
ments are made in the theoretical E„,. Recent

an intensity cutoff in the exciton-capture region.
The rate of exciton capture depends not only on
capture cross sections but also on the exciton den-
sity. Thus, the relative intensity of lines with m
& 9 depends on additional factors not considered
here, such as sample purity and particle lifetimes.

IV. DISCUSSION

~ zo
O
CL

Ul
I

IO

FIG. 7. Comparison of calculated and experimental

values of Ep,&. The calculated value, linear in x ", is
drawn for effective mass m*=rno, with E; = Eo =118 meV,

the ionization energy for unity effective mass. The

experimental values are for four different atoms, as
indicated. The Ep, &

limits in Table I are plotted and

joined. The single values of E»& from Table II are
shown as open circles.

values proposed for the effective masses are m*
= 0. 33mp for the electron, and m* = 0. 3mp for
the hole. These values would yield ionization en-
ergies of 39 meV for donors and 35 meV for accep-
tors. The actual E, are, in most cases, closer to
118 meV, the magnitude for m* = mp.

We conclude that the experimental values of E„,
are smaller than calculated values by factors of
order 3 or more. However, there is fairly good
consistency among the E~, values, and this gives
support to our interpretation of the data.

The validity of the calculated E~, is in doubt
when the DA separation is not much larger than

the size of the polarizable atom. The calculated
Bohr radii are = 6 A for m* = rnp. S is the only
atom for which we have obtained limits on E„yat
two different DA separations, and it appears from
Fig. 7 that the polarizability is less for the closer
pairs (larger r ). The fa,ilure of the calculated
E,d~ for close pairs is quite obvious in the experi-
mental data and is discussed in Sec. IV B.

B. Evaluation of E„d~

Equation (3) is used in the initial fitting of a DA

pair spectrum. Inclusion of the term E,~o=x
improves the fit, but only for rather large r(often
for x & 20 A). ' ' The large and increasing disa-

0

greement shown in Refs. 1-3 for x &15A indicates
that the usual (dipole-dipole) formula for E~„is
invalid for close pairs. In this region the observ-
ed E„„+is very much less than the value predicted
for dipole-dipole interaction. A similar failure of
the formula for E~, is plausible, but the experi-
mental data for E„,, unlike those for E„d„,are
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too few to fix the interval in which failure occurs.
We cannot tell, at present, whether or not this ac-
counts for some or all of the disagreement shown
in Fig. V.

The evaluation of the dipole-dipole component of
E„d„byfitting pair spectra is difficult. At small
m the calculated values are invalid, and at large
m the van der Waals interaction is negligible. The
E„d„term is therefore used only in a limited por-
tion of the spectrum, where it appears as a correc-
tion to the much larger Coulomb energy term.
Thus, a small error in E~ can lead to a large per-
centage error in E,d+. The uncertainty in Ec is
almost entirely due to the uncertainty in the dielec-
tric constant. In previous work, values of &

=10.18' and E =11.1 have been used. We now
use the recent low-temperature value of e =10.75,"
and we note that this leads to considerably smaller
E„«than reported in Ref. 3.

V. SUMMARY

Eight examples of abrupt intensity changes with

changing shell number m have been given. These
have been explained in terms of critical values of
the energies E» and E» and the resulting changes
of capture mode. Many critical values of El.& and

E» are reached zoithout an observed intensity
change, for one of the following reasons. (i) The
intensity of saturated pairs does not depend on cap-
ture rates. (ii) Many of the capture-mode changes
are predicted to occur at large m, where the spec-
tral lines are unresolved. (iii) The closing of one
capture channel has no great effect on the intensity
unless capture is slow in the second channel. (iv)
The closing of both capture channels has no great
effect unless exciton capture is slow.

E» is a function of the relatively large Coulomb
energy E&, and therefore has a strong dependence
on m. EI2 is not a function of E~ and has a weak
dependence on m, hence does not reach as many
critical values as EI,& does. In the examples given,
E» reaches the critical phonon resonance only for
impurities with relatively small ionization energies.

Identification of an intensity change with a cer-
tain critical value of E» or E» puts limits on E„y,
the only unknown in Eqs. (1) and (2). Values of E„,
obtained in this way are plotted and found to be
smaller than the calculated values. The reason for
this disagreement is not clear. There is a strong
dependence of the measured E„,„onthe value used
for the dielectric constant.

APPENDIX

After the infrared spectra of Ref. 5 were pub-
lished it was shown that shell substucture compon-

ents could be identified by means of a multipole
analysis of the final-state interaction, i. e. , the
interaction between donor and acceptor ions. '6 For
the Zn-0 spectrum this analysis led to a reassign-
ment of some shell numbers, the new assignments
being used in Figs. 3(b) and 3(c). We now present
a similar analysis of the Cd-0 spectrum in order
to identify the substructure components in Fig. 3(a).

The leading multipole terms permitted by the
symmetry of the zinc-blende lattice have the direc-
tional properties of third- and fourth-order lattice
harmonics.

Vs+ V4 = k~ xyz / r + k, ( x + y'+ z' -0.6r' ) / 2 . (A 1 )

If V3 and V4 are positive, they increase the final-
state energy and should therefore be subtracted
from the right-hand side of Eq. (3) if Ec refers to
the monopole term only. The coefficients k3 and

k4 are determined by fitting the spectrum. We take
k3 = —2.4x10'A meV, the same as that used for the
Zn-0 spectrum, consistent with the belief that it
should be attributed to the 0 donor. The value k~
= 2. 8x106 A'meV is 50% larger than for Zn-O,
and is thought to be due to the Cd ion, since the
term V4 is negligible in the C-0 spectrum. '

Table III shows the calculated values of V3 and

V4 for 8 & m & 18. The substructure is not well
resolved for larger m, and the calculated V3 and

V4 fail to fit the data for smaller m. (The fit for
m = 10 is also poor. )

The failure of the calculated V3 and V4 for close
pairs probably arises from our omission of multi-
pole terms for the initial state (before electron-
hole recombination). The initial-state interaction
for distant pairs is E„d„,calculated for spherical
atoms. For close pairs, however, overlapping of
the wave functions leads to distortions that induce
multipole components. Thus, fitting the data for
close pairs would require extra multipole terms
with complex dependence on m. Other evidence
of overlapping wave functions is the additional
splitting of some lines, e. g. , m=9. Such split-
tings are probably due to j-j interaction between
the bound electron and hole. For m =9, r=11 A,
which is less than twice the approximate Bohr ra-
dius of -6 A.

Figure 8 shows that a fairly good fit to the data
in Table III is possible with the inclusion of V3 and
V4. The apparent paucity of spectral lines is part-
ly explained by our failure to resolve the predicted
close doublets for I = 14 and m = 13(a and c). In
addition, reexamination of the data disclosed that
10b had been incorrectly identified in Ref. 5 as an
excited-state line (ES). The only missing line now
is 13b, a line that may also be missing in the Zn-0
spectrum. '6
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FIG. 8. Comparison of observed
and calculated energies of some spec-
tral lines in the Cd-0 pair spectrum
in GaP, with two degrees of refine-
ment in the calculated values. In the
top line, only the Coulomb interaction
energy is considered w"ith e =10.75
and (E~+ED) = 992 meV. The mid-
dle line also includes the effect of
the multipole terms Vs and V4 de-
fined 1Q the text.

TABLE III. Calculated monopole term —E, and multipole terms V3 and V4, and comparison of the calculated and
observed photon energies in the Cd-O infrared pair spectrum in GaP. The reassigned shell numbers and the corres-
ponding set (uvre) are given in columns 1 and 2, the old shell numbers (Bef. 5) are in column 9. The theoretical in-
tensltles (DuIQbers of sites} Rle given 1Q coluIQQ 8.

New
shell

8a
8b
9

10a
10b
11R
lib
12
13a
13b
13c
14a
14b
15
16R
16b
17a
17b
17c
18a
18b

Set
&uvav)

731
553
733
555
751
753
911
931
933
771
755
951
773
953
775

ll, l, 1
955

11,3, 1
971
973

11,3, 3

127.9

120.1
113.5

91.6
88.6

—0.9
+ 3.3
+ 1.8
—2.4
+ 0.7
—1.4
—0. 1
+ 0.3
—0.6
—0.3
+ 1.2
—0.3
+ 0.8
+ 0.6
—0.8

0
—0.6
—0.1
+ 0.2
—0.4
+ 0.2

+ 2.6
—4. 9
—0.5
—3 3
—0.8
—1.4
+ 3.4
+ 1.6
+ 0.5
—0.7
—1.4
+ 0.1
—0.9
—0. 2
—0.9
+ 1.3
—0.4
+ 0.8
—0.2
—0.3
+ 0.4

Calc.
(ev)

1.4732
1.4765
1.4658
l.4662
l.4606
l.4577
1.4516
l.4481
l.4459
l.4468
l.4460
l.4422
l.4421
1.4382
1.4373
l.4343
1.4339
1.4322
1.4329
1.4311
l.4298

Obs.
(ev)

l.4714
l.4708
l.4654
l.4626
l.4583
l.4575
l. 4517
1.4476
l.4444

4 0 4

l.4444
l.4411
l.4411
l.4385
l.4376
1.4349
l.4342
l.4323
l.4329
l.4319
l. 4296

Calc.
intensity

Old
shell

8
8
9

ES
10
ll
12
13

Not seen
13
~01

14
14
15
16
16
17
17
17
18
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