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Detailed balance arguments are used to study the relationship between photo-ionization cross section and
radiative-capture cross section for transitions between conduction-band states and the ground state of a
localized Qaw; the existence of a spectrum of excited states, of compensating impurities, and of competing
processes does not impede the development of a simple relationship. This relationship can be expressed in a
way which illustrates that the capture lengths of an interacting photon and an interacting electron are in
inverse proportion to their respective momenta. It is noted that the reciprocity of photo-ionization and
radiative recombination can be utilized either to evaluate recombination in terms of known optical properties
or to deduce optical density in terms of known recombination cross sections, and examples of both pro-
cedures are given. The thermally averaged capture cross section is expressed as a weighted integral of the
photo-ionization cross section with respect to energy, and it is shown how the temperature dependence of
radiative recombination is related to the spectral dependence of the photo-ionization cross section.

I. INTRODUCTION

'HE creation and annihilation of free carriers in
a semiconductor proceed through a variety of

energy-transformation mechanisms, at rates dependent
on the intrinsic and extrinsic properties of the medium,
the temperature, Quxes of photons and phonons, and the
boundary conditions. In this morass of competing proc-
esses, a very useful tool is the knowledge that any proc-
ess and its inverse balance in detail at thermal equili-
brium. The conclusions drawn from detailed balance
arguments can be applied (with appropriate reserva-
tions) to characterizing the behavior when nonequi-
librium sets of carrier densities are imposed.

Detailed balance was used by van Roosbroeck and
Shockley in determining the carrier lifetime for band-
to-band radiative recombination from a knowledge of
the intrinsic optical-absorption spectrum in a semicon-
ductor. Their approach, which was shown by Bowlden'
to be valid whether or not phonon cooperation is re-
quired for the radiative transition, has been applied to
band-to-band situations in a variety of semiconducting
materials.

Our purpose in this paper is an examination of some
of the consequences of the van Roosbroeck-Shockley
approach for an extrinsic transition, comparing the
photo-ionization cross section r; of a localized Raw with
its radiative capture cross section 0-,. Use of this ap-
proach in considering bound-free transitions in a semi-
conductor has been surprisingly limited, even though it
is the normal procedure for the analogous problems in
atomic physics —such as the astrophysical problem of
a large partially ionized cloud of hot atomic hydrogen. 3

*This work is supported in part by the U. S. Air Force OfBce
of Scientific Research under Grant No. AF/AFOSR/1259/67.
The initial stages of the work were assisted with grants from the
Florida Atlantic University Foundation and from National
Science Foundation subvention funds to Florida Atlantic
University.' W. van Roosbroeck and %. Shockley, Phys. Rev. 94, 1558
(1954).' H. J. Bowlden, J. Phys. Chem. Solids 8, 115 (1957).' E. A. Milne, Phil. Mag. 47, 209 (1924); L H. Aller and D. H.
Menzel, Astrophys. J. 102, 239 (1945).

The detailed balance approach was followed by Sclar
and Burstein4 in ascertaining how scient localized
Gaws with hydrogenic wave functions would be in radia-
tive recombination. However, the connection between
spontaneous and stimulated transition coeKcients can
be explained regardless of the bound-state wave func-
tion. As Landsberg has noted, ' this connection can be
used either for a better understanding of recombination
or for a better understanding of the macroscopic optical
properties.

II. THE DETAILED RADIATIVE BALANCE

In order to be specific, we shall consider the radiative
interaction within a homogeneous semiconducting me-
dium of monovalent donors with the conduction band.
This band is supposedly characterized by an isotropic
and energy-independent effective mass m„then at en-

ergy E above the base of the band the density of states
is6

Ke shall assume that the conduction-electron distribu-
tion is a thermal Fermi one whether or not excess car-
riers have been created; then the fraction of occupied
states at energy E is

The conduction electron quasi-Fermi level @,is synony-
mous with the Fermi level @ at equilibrium, when
c~ c0

Any semiconducting medium contains many types of
localized Raw, of which we shall single out for examina-

4N. Sclar and E. Burstein, Phys. Rev. 98, 1757 (1955); E.
Burstein et ot in Photoco. ndnctieity Conference, edited by R. G.
Breckenridge John Wiley tk Sons, Inc. , New York, 1956), p. 353.

c P. T. Landsberg, in Festkorperprobleme (Vieweg, Braun-
schweig, Germany, 1967).' Equations (1)—(3) and their ramifications are found in any
standard semiconductor text, though the system of symbols varies.
In some texts the statistical weight of a donor ground state (a
number larger than unity) is written as P ' so that one can write
fe= {1+PexpD Ze p)/hT)} '—; see—J. S. Blakemore, Semicon
dlctor Statistics (Pergamon Press, Inc. , New York, 1962), p. 118.
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tion a set of monovalent donors, density Xq per unit
volume, with a ground-state binding energy E~ and
a ground-state statistical weight6 of g&. Then the frac-
tion of such donors for which the ground state is un-
occupied can be written as

Q,~(hr )=
8n (w/kc) '(hv) '

exp{kv/kT) —1

the speed of the interacting photons, and

(1—f.) = [1+g«xp({Ed+&a)/kT)3 '.

At equilibrium, @a coincides with P„asfa + f—zo.

Away from thermal equilibrium, what we can say
about rates of spontaneous and stimulated radiative
transitions between these donors and the conduction
band has to be tempered with our knowledge of the
excited states of the donors, nonradiative mechanisms,
other kinds of Raw, and the nature of the excitation.
But none of these extraneous matters detracts from
the statement that at equilibrium itself the rate of
spontaneous radiative recombination from energy E in
the conduction band to the donor ground states must
equal the diQerence between the rates of photon-
stimulated generation and recombination with respect
to the same set of states:

(«„o/dE)=f. (o1
—fao)o;(kv)(Eac/w)Q~{kv), (8)

so that

={f--f..)-;(k )(~"/ )Q.,(k). {9)

In Eq. (9), the quantity $(fao f,o)o;(h—v)Xa]. is just the
contribution of the donors to the optical-absorption co-
efIicient; we choose to express Eq. (9) in terms of a cross
section rather than of an absorption coefficient in order
to see more clearly what reciprocity means in the con-
text of a single Aaw.

Equation (4) requires that the right sides of Eqs. (5)
and (9) be equal; utilizing Eqs. (1) and (7), the rela-
tionship of the two cross sections reduces to

(«Svo) (dglas («st a)

&~Er &dE &dEr

Such a statement is emphatically not generally true
away from equilibrium, when the zeros are omitted from
the subscripts.

It is appropriate to note here that Eq. (4) is correct at
equilibrium whether or not the radiative transition is
phonon-assisted. The de6nitions of O„and 0-; as in Kqs.
(5) and (6) are particularly clear cut if there is no
phonon involvement& but the treatment leading to Kq.
(12) is not invalidated if some or aH of the transitions
are assisted. It must be remembered, though, that in
the latter case O.„and0.; implicitly involve the phonon
spectrum, and 0; is liable to be appreciably temperature-
dependent. (For a direct optical transition, o'; will be
aGected by temperature only to the extent that lattice
dilation modifies the electronic structure. )

The left side of Eq. (4) can be expressed as

gnaw'(kv) '
a,{E)= o;(kv)—

2c pl,E

d0 „fc0
X (1o)

g&f.&(1—f@&)Lexp(hv/k T)—1j
The terms in the factor { ) have been separated out
because, as can be obtained using Eqs. (2) and (3),

fdO fc0

gaf.o(1—f~o) )exp(kv/k T)—1]
exp(hv/k T)—(1/ga)

(11)
exp(kv/k T)—1

is the Planck expression for the thermal density of
(3) photons (per unit volume per unit energy interval) of

energy hv=(Ed+E). Similarly, the stimulated down-
ward r'ate ls

(«..o/dE) =f.o(1 fdo) (Eo)o(E)&a—g(E) (5)

where a„(E)denotes the cross section presented by an
ionized donor for spontaneous radiative capture of a
free electron moving at speed o(E)= (2E/m, )'~'.

Following the van Roosbroeck —Shockley approach
(and. neglecting dispersion of the refractive index w), the
rate of stimulated generation is

(dg. o/dE) = f«{1 f.o) '(k )(&«lw)Q—(k ) (6)

per unit volume per unit energy interval, where a, (hv)
is the photo-ionization cross section of a neutral donor
to energy E= (kv —Ea) in the conduction band, (c/w) is

which is exactly unity for a nondegenerate donor ground
state, and wiH be essentially unity regardless of the
ground-state degeneracy for temperatures appreciably
smaller than (hv/k). Then the less cumbersome statement

gnaw (kv) gnaw (Ed+E)2
0'r= O'i = &i

2c'm„.E 2c'm.E

is valid under the conditions in which one is likely to be
concerned with the result. Equation (12) corresponds
with the result obtained by Milne' for the corresponding
astrophysical problem, and further examined by
Landsberg. '
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III. RECIPROCITY AND THE UNCERTAINTY
PRINCIPLE

g(E)f.(E)dE
Equation (12) has been obtained from statistical

reasoning, considering the balance between the Bose
distribution of photons and the Fermi distribution of
electrons in a condition of thermodynamic equilibrium.
The result itself hoMs good both at and away from equi-
librium, and has a significance at the atomic level re-
gardless of statistical significance.

Thus if we express Eq. (12) in the form

is the total conduction-electron density, and

1
(17)v(E)g(E)f.(E)dE

g
' '(whv/c)a' '= (2L&nz )'I'o. "'

is the mean electron speed. Then from Kq. (3), o„isin-

tegrally related to o,(E) by
(13)

it will be observed that the capture lengths of an inter-
acting photon and an interacting electron are in inverse
proportion to their respective momenta. This is an en-
tirely natural consequence of the Heisenberg uncer-
tainty principle.

The term "capture length" in the preceding para-
graph is not synonymous with "localization length" for
a photon or electron; thus each side of Eq. (13) can be
considerably smaller than A. For a hydrogen atom, in
which' 0-;=0.23ao' for energies just at the Lyman con-
tinuum limit (here a, denotes the Bohr radius), then

g"'(hv, /c)o'"=(e'/3c) =0.0024k. (14)

A much smaller value still will be found for transitions
which are forbidden for any reason, characterized by
very small oscillator strength.

The important thing to note is that the strength of
coupling between a bound electron and the radiation
field determines both the optical absorption and the
ability of radiative recombination to compete with non-
radiative processes. We can either measure absorption
and compute recombination rates, or can observe efFi-

cient luminescence and compute the expected optical
properties.

IV. THE THERMALLY AVERAGED
CROSS SECTION

It will be seen from Eq. (12) that o, diverges for the
minimum transition energy, when the states from which
capture occurs are at the very bottom of the band.
There is no divergence, however, in the capture rate
because of A"'" factors contributed by the electron
speed v(E) =(2E/m, )'t' and by the density of states
g(E) =4vrE"'(2m, /h')"' in integrating over the com-
plete distribution. We shall define a mean radiative
capture cross section o, by writing the total spontaneous
radiative rate (from the band direct to the donor ground
state) as

r„=nNe(1 fe)vo, —
7 D. H. Menzel and C. L. Pekeris, Mon. Not. Roy. Astr. Soc.

96, 77 (1935).
For a 6nite donor density, an upper bound on the increase of

o., is set by the value of Sz '/'. However, this may typically be of
the order of 10 "cm', and would not represent a restriction except
for free-carrier energies smaller than some 10 "eP.

/1

kuv
(E) .(E)g(E)f.(E)«

Equation (12) permits us to express o, as an integral
with respect to the spectrally-dependent photo-ioniza-
tion cross sect&on:

(1 8m-gnaw'

o,=I — (Ed+E)'o;(hv) f.(E)dE'. (19)
knv h'c'

For many situations, Kq. (19) is more useful than Eq.
(12). For whereas stimulated absorption can be meas-

ured as a function of It by conventional optical tech-
niques, radiative recombination can often be measured
only as a composite from all occupied states in the
band. '

The literature on carrier capture by flaws seems about
equally divided on the question of whether the capture
rate averaged over a band should be quoted in terms of
a capture cross section 0- or of a capture codIicient
8=(ov) or (ov, ,) As La.x" points out, any discrepan-
cies in averaging procedures are not likely to involve
systematic errors of more than a factor of (v,-,/v')

[=(3~/8)'" for a Boltzmann distribution], quite unim-

portant when compared with the 40':4 range of pos-
sible rates of processes.

In order to make further progress beyond Eq. (19),
it will be recalled that we suggested earlier in this paper
that f,(E) be considered to be a Fermi factor both at,
and away from, thermodynamic equilibrium. The in-
tegral in Eq. (19) simplifies when n is either very large
or rather small. The asymptotic case of rather small
total conduction-electron density (negative &„Boltz-
mann distribution) is appropriate for consideration of
spontaneous recombination. In this case if

f,(E)=exp[(P.—E)/kT]«1,
then

m=2(2~m, kT/h')"' exp(y, /kT),
8= (8kT/m. m, )'12,

(20)

and when the conditions of Eq. (20) are applicable to
I If there is detectable recombination emission which can be

measured as a function of h~, then of course Kq. (12} is imrnedi-
ately applicable."M. Lax, Phys. Rev. 119, 1502 (1960},
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Eq. (19), the mean capture cross section is

0,= (Eg+E)'0;(hu)
2c'm, (k2')'

Xexp(—E/kT)dE, p,(0. (21)

It will be observed that this "thermally averaged" cross-
section depends on temperature, but not on the con-
duction-electron density I (provided that the latter not
be too large).

When the radiative transitions under consideration
are phonon-aided, the temperature dependence of o-„is
determined at least in part by how 0.; varies with T.
But even when o.; is completely independent of tempera-
ture (as should be a reasonable approximation for a
direct transition), there will be a characteristic variation
of 0-, with T which is determined by how 0-; varies with
hv just above the threshold energy. If 0; varies as
(hv —Eq)~ for transition energies just above threshold,
then Eq. (21) dictates that 0 „willvary as T&" ".Some
examples of this are noted in the next section. The
second and third of these (relating to indium in silicon)
were discussed in a brief preliminary report of this
work. "

unless a considerable magnetic field is applied at low
temperatures. "

The hopefully hydrogenic situation used as an ex-
ample here is that of shallow donors in CdTe. Recent
theoretical and experimental work" indicates that the
conduction minium I'& lies well below any other conduc-
tion minima, and Marple" deduces from Faraday
eBect that the isotropic effective mass associated with
this minimum is ns, =0.11mo. For a dielectric constant
m2=E=10.6, the ground-state binding energy of a hy-
drogenic donor should be

Eg= 2m'm, e'/h'w4= 0.0133 eV, (22)

which agrees quite well with the value 0.010 eV deduced
by Segall et ut. '~ from the temperature dependence of
electron density in CdTe samples containing 10"
cm ' of shallow donors. Any inftuence of ionic binding
would tend to push E~ beyond 0.0133 eV, as would de-
parture from a strict Coulomb potential, and it seems
that such tendencies must not be very important, since
the measured ionization energy is a little smaller than
the calculated hydrogenic one "

For a strictly hydrogenic center, the photo-ionization
cross section 0.,(hv) rises as a step function at hv=Eq,
and varies as (E~/hp)' for energies not very much in ex-
cess of E~..

V. EXAMPLES

A. Hyhgenic Donor Impurity

w'h' (E.qg)
2 Eg) ~.,p„)=-

gem, m.~ &E, /
(23)

So frequently and so glibly do we speak of "hydro-
genic" impurities in semiconductors that it comes as
something of a shock to realize how rarely are all the
conditions for hydrogenlike behavior likely to be satis-
6ed, Obviously things are more complicated than a
scaled hydrogenic model when the impurity is associated
with two or more bands degenerate at the extremum, as
happens for acceptors in semiconductors such as Ge, Si,
or the III-V compounds. The ground states for group
V donors in germanium or silicon are highly nonhydro-
genic" because of the multi-ellipsoidal band structures;
evidently we should look for an example of a spherically
symmetric band extremum at the zone center, well re-
moved in energy from any other extrema. The latter
consideration rules out donors in semiconductors such as
GaAs or GaSb, since subsidiary conduction band min-
ima a6ect the form of the bound donor states. "Donors
in InAs or InSb probably are hydrogenic in terms of
their bound-state wave functions and eigenvalues, but
e-type samples of these semiconductors always seem to
have donor concentrations large enough to cause im-
purity banding, and an abolition of carrier freeze-out

"J.S. Blakemore, Bull. Am. Phys. Soc. 12, 356 (1967).
"This is well demonstrated for silicon donors by W. Kohn and

J. M. Luttinger, Phys. Rev. 98, 915 (1955).
'3 As with sulphur donors in GaSb; see B.B. Kosicki, W. Paul,

A. J. Strauss, and G. W. Iseler, Phys. Rev. Letters 17, 1175
(1966).

0~& (hu —Eg) (Ea.

This behavior is displayed in Fig. 1. In Eq. (23), the
factor (E,«/Eo)' allows for the departure of the local
6eld at the impurity from the macroscopic electromag-
netic 6eld; the correction is noted by Dexter" to be less
severe than a strict Lorentz factor even for highly
localized wave functions, and should be close to unity
for a hydrogenic center in which the Bohr radius is much
larger than the interatomic spacing. Equation (23) is

analogous to the result quoted by Burstein et u/. 4 for the
speci6ed energy range, and differs in scaled form from
that quoted by Seaton" for hydrogen only in the fine
details of the energy dependence. From Eqs. (12), (22),
and (23) the radiative recombination cross section is

M. A. C. S. Brown and M. F. Kimmitt, Infrared Phys. 5, 93
(1965).

'

~' J. L. Shay, W. E. Spicer, an, d F. Herman, Phys. Rev. Letters
18, 649 (1967)."D.T. F. Marple, Phys. Rev. 129, 2466 (1963)."B.Segall, M. R. Lorenz, and R. E. Halsted, Phys. Rev. 129,
2471 (1963).

'8 Since the average interimpurity spacing is only about 19
times the "Bohr radius" of 51 & for 10"donors per cm', some re-
duction of the measured ionization energy compared with that
for infinite donor dilution is to be expected. Any large deviation
from hydrogenic behavior would result in a much larger upwards
shift of the ionization energy."D. L. Dexter, in Solid State Physics, edited by F. Seitz and D.
Turnbull (Academic Press Inc. , New York, 1958), Vol. 6, p. 355.

M. J. Seaton, Rept. Progr. Phys. 23, 313 {1960).
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(assuming that ge ——2 and that E,tt =Ee)

m'+he' Eq'
o„(E)=

4csm. s E(E+Ee)
(24)

of which the dependence on E ' will be much more im-
portant than the dependence on (E+Ee) ' in determin-
ing the Boltzmann-averaged value if (Ee/hT)))1. This
averaged value, by the procedures of Eqs. (18) and (19),
1S

o„=Ls 4es/2cswshm, hT7= 7.0X10 'sT ' cm' (25)

1.2

LLj
~ 08-

b+ 0.6-

.b.o~-

I I I

0.5 I.O l.5 2.0

(her E,)
I' j:G. 1.Spectral dependence of the photo-ionization cross section

for an impurit in a semiconductor which is strictly hydrogenic in
its properties Eq. (23)].

similar to that for a square-well potential of amplitude
adjusted to give the experimentally observed ionization
energy. The ground. -state wave function is then a suit-
ably normalized form of that for the ground state of the
deuteron, and the photo-ionization cross section is cal-
culated just as for the corresponding deuteron problem
(given in any elementary nuclear physics text). Follow-
ing Lucovsky, we can express the ionization cross section
as

B. Indium Acceptor in Silicon

For recombination from the valence band of silicon
to indium acceptors, the total rate of recombination is
also determined in practice by phonon-emission proc-
esses rather than by direct photon emission. It is chosen
as another example for study because the spectral
characteristics of o; (and hence the temperature charac-
teristics of o,) are quite different from the hydrogenic
impurity example discussed above.

The ground-state binding energy exceeds the hydro-
genic value for a11 group III acceptors in silicon, but the
value for indium (E,=0.155 eV) is much larger than
for the lighter members of the group III family. 4 The
excited "p-like" states are rather similar for the various
acceptors, and have energies not far from the expecta-
tions of an effective-mass model, "but the "1s"ground
state is particularly sensitive to the form of the potential
close to the impurity site, which for indium (an atom
considerably larger than silicon) evidently departs from
a Coulomb potential.

Two attempts have recently been made to describe
the ground-state wave function for an indium acceptor,
each generating an expression for the photo-ionization
cross section which may be compared with the experi-
mentally determined cross section. ' " In one of these
studies, Bebb" has approached indium acceptors from
the standpoint of the quantum-defect method. In the
other, Lucovsky'4 has assumed that the ground state is

w'hs (E,tt) s

o;(hv) =
Scm. ses (Es&

(hr —E.)slsEs'lsErrX,h. &E., (26)
(hv)'

where E, denotes the actual binding energy of the
ground state, and EII is the binding energy for a hydro-
genic state.

I5—

Io
t3
O

I Q LUCOVSk)l'

tTlOdBI

I

0.4
I

0.60.2

for a supposedly hydrogenic donor in CdTe. Note that
in accordance with the previously cited rule relating
energy dependence of o;(hv) to temperature of o„the
lack of explicit dependence of o., in Eq. (23) on (hv Ee)—
leads to a T ' dependence for o, in Eq. (25).

The radiative cross section of Eq. (25) is very small
compared with the likely strength of phonon cascade
recombination" for a hydrogenlike center at low tem-
peratures, thus the magnitude and temperature depend-
ence of recombination from the conduction band of a
semiconductor such as CdTe to shallow donors may be
quite different from the predictions of Eq. (25).

"D. Schechter, J. Phys. Chem. Solids 23, 237 (i962).' R. NewmaIl7 Phys. Rev. 99/ 465 (1955)."H. B.Bebb, Bull. Am. Phys. Soc. 12, 342 (1967)."G.Lucovsky, Solid State Commun. 3, 299 (1965).

FIG. 2. Photo-ionization cross section as a function of photon
energy for a neutral indium acceptor in silicon. Comparison of the
measured cross section (Newman, Ref. 22) with the Lucovsky
model, Kq. (26), for E,=0.155 eV, m„=0.53m0, m=3.4, and
jeff —2 ~EO ~
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FIG. 3. Electron-capture cross section exhibited by neutral in-
dium centers in silicon as a function of temperature, from the re-
ports of Pokrovsky and Svistunova. It is likely that their data of
1961 (Ref. 29) and 1964 (Ref. 30) was affected by donor-acceptor
transitions, and efforts were made to avoid this in taking the 1965
data (Ref. 31).

0,=8.3& j.0 "T')' cm'. (2&)

"The qua. ntum-defect approach (Ref. 23) also works quite well
for indium, and has the additional merit that it is successful also
in the treatment of the more shallow acceptors.

"C.E, Sarver and J. S. Blakemore (to be pub1iebed)."The degeneracy of the indium ground state in silicon should be
taken as equal to six because the binding energy is much larger
than the spin-orbit splitting energy; see D. Schechter, Ref. 21.

In contrast with the hydrogenic expression of Eq.
(23), the cross section of Eq. (26) has its maximum value
when hv=2E„rising as the 2 power of the free-hole
kinetic energy just above threshold. Figure 2 compares
the experimentally determined photo-ionization curve of
Ncwiliail wltll Eq. (26), c11osc11to colllcldc at t11c peak
by lcf tlllg (L',rl//Ee) = 2.1. If, call bc sccll that tile theo-
retical result of this very simple model accounts rather
well for the experimentally observed form with indium
acceptors, and the magnitude of the required local-6eld
correction is entirely reasonable. " Recent measure-
ments of the photo-ionization curve near threshold'6 do
not entirely conhrm Newman's curve, and agree much
more closely with the curve of Lucovsky's simple theo-
retical Inodel.

The detailed, balance arguments of Eq. (12) can be
used to express the radiative recombination cross section
o„(E)corresponding with the o.;(hv) of Eq. (26). In turn,
Kq. (21) can be used to determine the thermaHy aver-
aged radiative-recombination cross section 0, In ac-
cordance with the previous notation that a variation of
o, as (hv —E,)~ will result in o„varying as T" ', for
indium centers the radiative cross section must vary as
T'". If we assume that (E,rr/E, )=2.1, and that the
acceptor ground state is sixfold degenerate, '~ then
Eqs. (21) and (26) yield

The Q/at recombination cross section for holes in sili=

con presented by indium acceptors is larger than that of
Eq. (27) by some seven orders of magnitude" and has
a temperature dependence dictated by the dominant
phonon-emission processes. This disparity reminds us
that radiative processes are likely to be dominant only
when the opportunities for phonon cascade or multi-
phonon processes are absent, The next example is of a
likely contender for this role.

C. Electron Capture by Indium Acceptors in Silicon

Ionized indium acceptors in silicon are very eScient
at capturing free holes, but the capture of free electrons

by centra/ indium acceptors is a much slower process.
Such capture has been studied by Pokrovsky and
Svistunova, '~" who report by photon counting
methods that free-electron recombination to neutral
&n@uDl atoms Is alI11ost completely radj.atlve. They have
used transient photoconductive decay methods in meas-
uring extrinsic lifetimes (and hence attempting to de-
duce the temperature dependence of the thermally
averaged electron-capture cross section) with results as
shown in Fig. 3. Apparently the time constants in their
earlier work were a6ected by donor-acceptor recombina-
tion, "and attempts were made to exclude this in secur-
ing the results of Ref. 31.This most recent curve in Fig.
3 fits

(T =~X&0 "~'"cm'.

Now if the recombination is indeed totally radiative,
we can use Eq. (28) to determine the spectral depend-
ence and magnitude of the photo-ionization cross sec-
tion just above threshold. From the arguments of Sec.
IV, the T 'I' dependence of o requires o;(hv) to vary as
the square root of the electronic kinetic energy (hv+E,

E~) just above th—e threshold at hve=(E; E.). Ap-—
plying Eq. (21) to Eq. (28), the excitation of electrons
from ~omened indium acceptors into conduction band
states must follow

o.;(hv) =1.5X1O "(hv+E —E )"' cm' (29)

for the 6rst few tens of millielectron volts above
threshold.

At this point it is tempting to compare Eq. (29) with
the results of the theoretical models of Eagles" and of
Dumke~4 for radiative transitions between a hydrogenic

'8 J. S. Blakemore, Can. J. Phys. 34, 938 (1956); E. E. Godik
and Y. K. Pokrovsky, Fiz. Tver. Tela, d [English transl. : Soviet
Phys. —Solid State 6, 1870 (1965)j.

'9 Y. E. Pokrovsky and K. I. Svistunova, J.Phys. Chem. Solids
22, 39 (1961)."Y. K. Pokrovsky and K. I. Svistunova, Fiz. Tver. Telad
t English transl. : Soviet Phys. —Solid State 5, 1373 (1964))."Y. K. Pokrovsky and K. I. Svistunova, Fiz. Tver. Tela, d
I English transl. :Soviet Phys. —Solid State 7, 1478 (1965)j.

32 A. Honig and R. Knck, EadiatiM Recomb&sotioe Symposium,
edited by C. Benoit (Dunod Cie., Paris, 1964), p. 113."D. M. Eagles, J. Phys. Chem. Solids 16, 76 (1960}.

'4 W. P. Dumke, Phys. Rev. U2, 1998 (1963).
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acceptor and the conduction band in a direct-gap semi-
conductor. The ways in which silicon as host and indium
as acceptor fail to meet the initial assumptions of the
model are obvious, but it is intriguing that an initial
rise of o;(») similar to that of Eq. (29) is predicted. The
Eagles-Dumke models predict

9L(»+E.—E,)/E. (m, /m. )$'"
0'j(») = ITm~

251+(»+E. E*)/—E.(m, /m, )3'
(3o)

as the spectral dependence of a potentially measurable
optical-absorption process in the range (E; E,) &~hv-
~&E;. The maximum cross section is reached. when

(»+E, E~)=(E,m, /—7m, ), and the numerator will
dominate the energy dependence for appreciably smaller
values of electronic kinetic energy. In order that Kq.
(29) should be interpreted as the beginning of a curve
whose wider range spectral dependence is given by Kq.
(30), we must set 0 =1.56X10 " cm' at a photon
energy 0.03 eV above threshold. The corresponding
complete photo-ionization curve is shown in Fig. 4.

I I I I

P O.Ol O.O2 O.O~ O.Oe O.O5

(hO+E, -E.
, ) eV.

I'&G. 4. Anticipated photo-ionization curve for electrons from
ionized indium acceptors to conduction-band levels in silicon,
based on comparison with the Eagles-Dumke model (Refs. 33,
34) with magnitude dictated by the strength of supposedly radia-
tive recombination I Eq. (28)g.

It is immediately apparent from Fig. 4 that this is
a very weak process to measure by standard optical
techniques, for a sample 0.5 cm thick containing 1.0'
cm ' of ionized indium acceptors would absorb less than
1% of incident radiation by this photo-ionization proc-
ess (at the energy of the "peak" absorption). Staflin"
has reported an apparent small increase in absorption of
an indium-doped-silicon sample at room temperature
above a threshoM photon energy of 0.97 eV, using phase-
sensitive methods to attempt separation of any small
photo-ionization absorption from the immensely larger
amount of free-hole absorption. StaAin did not reduce
his data to a quantitative form, and since he reported
the rise in absorption above 0.97 eV only for a single

sample, it would seem that conclusive verification of the
photo-ionization curve postulated by Fig. 4 is lacking
at this point. Experiments are planned in the hope of
resolving this question.

Before adjourning discussion of the capture of elec-
trons in silicon by neutral indium acceptors (and of the
reciprocal process), it should be noted that Pokrovsky
and Svistunova's assessment of the capture cross section
is in conflict with the results of some other experiments.
Kertheim" reported some years ago a much larger cross
section (0 10 'r cm') using data on the transient de-

cay following intrinsic excitation, a technique which ad-
mittedly does have possible complications. More re-
cently, however, cross sections in the range ].0 "—10 '
cm' have been deduced from space-charge-limited cur-
rent experiments'~ and similar studies" with semi-
insulating indium-doped silicon. A universal model
which permits one to account for the results of all types
of measurements on indium-doped silicon does not ap-
pear to be immediately at hand.

"T.Stain, J. Phys. Chem. Solids 26, 563 (1965).
3~ G. K. Wertheim, Phys. Rev. 109, 1086 (1958)."J.L. Wagener and A. G. Milnes, Solid-State Electron. 8, 495

(1965).
'8 J. S. Barrera, Ph.D. thesis, Carnegie Insititute of Technology,

1966 (unpublished).


