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A set of two Auger-type processes has been found by which the trapping of a hole or electron can occur
with the emission of an energetic hole or electron instead of a photon. A rough calculation is made of the
cross section of the combination of the two processes as well as the cross section of the radiative process.
For a wide class of semiconductors, it is found that the combination of the radiationless processes will
predominate over the radiative one under practically all operating conditions.

I. INTRODUCTION

HERE seems to be increasing evidence in the
study of semiconductors that minority and
majority carriers can recombine without the emission
of electromagnetic radiation. Thus far, the only possible
process by which this could have occurred is one where
there is a simultaneous emission of a large number
(from 10 to 100) of phonons. Rough perturbation cal-
culations, however, seem to show that such a multi-
phonon process is highly improbable and thus will not
be able to compete with the radiation process under
most conditions.

In this paper another nonradiative recombination
scheme will be proposed which, according to the rough
calculations to be presented here, may not only
compete with but even overwhelm the radiative process.
The recombination scheme will consist of two types of
processes, each of which resemble the Auger effect in
atomic physics since each process will allow a hole or
electron to be trapped with the emission of another
energetic free hole or electron instead of an infrared
or light quantum. In each case, after emission, the
energetic hole or electron will rapidly lose its excess
kinetic energy through collisions with lattice centers
and other free carriers until it is moving with only
thermal energy. Thus, it is seen that the excess energy
in these trapping processes eventually will be converted
into heat instead of a photon as in the radiative process.

The recombination mechanism will be assumed to be
4 two-step process involving a deep trap as described
by Shockley and Read.! The first step of this process
(which will be referred to by the subscript e in all sub-
sequent symbols) consists of an electron in the con-
duction band jumping into an empty trap. The second
step of the process (to be referred to by the subscript /)
consists of an electron in a filled trap jumping into a
vacancy in the valence band. (This is usually called the
trapping of a hole.)

In the subsequent sections, rough order-of-magnitude
calculations will be made of the cross sections of all the
radiationless processes as well as the radiative one. The
treatment will be based on three main assumptions.
These are: (a) the solid can be treated as a dielectric
medium (having the static dielectric constant e) in

1 W. Shockley and W. T. Read, Phys. Rev. 87, 835 (1952).

which mobile carriers move as though they were free
particles having an effective mass m*, (b) a hydrogen-
like model can be used for a deep trap, and (¢) all
quantum calculations can be done within the Born
approximation. The justification of some of these as-
sumptions will be dealt with in the subsequent sections.

After calculating the cross sections, the probability
of occurrence for each type of process will then be
compared in both steps of the recombination process.
Finally, some brief remarks will be made on how the
radiationless recombination process described here
should behave under various doping conditions and this
will be compared with the Shockley-Read theory.

II. RADIATIONLESS PROCESS NO. 1

This process will be treated in detail only for the
second step of the recombination mechanism although,
as will be shown subsequently, the calculation can
easily be adapted to the first step.

In the process to be considered, a free hole moving
with thermal velocity will approach a filled trap when
there are free electrons also near the trap. It will then
be possible for a transition to occur where one of the
electrons (i.e., either the electron in the trap or one of
the free electrons) will annihilate the hole and the other
electron will be ejected into the conduction band with
a kinetic energy nearly equal to the energy difference
(Er— Ey) between the trap energy, Er, and the top of
the valence band, Ey.

It should be mentioned that the foregoing recom-
bination process cannot occur when the free hole en-
counters two free electrons because it will not be pos-
sible for momentum to be conserved. With one of the
electrons trapped, the momentum deficiency can easily
be absorbed by the trapping center which is a heavy
atom.

The general expression for a cross section can be
found in various quantum mechanics texts and is of the
form?

w 2wl3

do=—=
Yo To

,(b7elllflf)h)]2p1"a (1)

2 See, for example, W. Heitler, The Quantum Theory of Radiation
(Oxford University Press, London, 1947), second edition, p. 90.
The notation used in the remainder of this paper will follow that
of Heitler.
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where do is the differential cross section; L2 is the total
volume of the semiconductor crystal; pr is the density
of the final state and has the form

pr= L pm*dQy/ (2whe)?, )

where  is the momentum of the energetic free electron
and m* is its effective mass; dQ, is solid angle of its
emission direction; o is the velocity of the hole.

The quantity (b,e| H;| f,k) is the matrix element for
the process and has the form

(byelHi|f;h)=ffUII*(rl,rz)H«;ul(Il,rg)d371d3r2. (3)

The process has been considered to be essentially a
two electron interaction with the hole of the being
viewed as a vacancy in a valence electron state. r; is
the space coordinate of the free electron and r; is the
space coordinate of the trapped electron. The space
parts of the initial and final total wave function u;(ry,rs)
and u11(r;,12), respectively, appearing in Eq. (3) have
the form

w1(ry,re) = (1/V2)[10p (1) 200 (1) 24p (12) 22, (11) ],
wrr (r1,12) = (1/V2) [y (x1)wn (r2) 2ty (x2) 1, (1) .

The (4) or (—) sign occur in Eq. (4) above depending
on whether the two electrons have antiparallel spins or
parallel spins (i.e., on whether they form a singlet or
triplet system). The functions, s, %, %7, and us, are the
space parts of the wave functions, ¥s, ¥, ¥y, and ¥,
which will be in the form of reduced Bloch wave
functions:

o=l (- (22)]
|

at+i(EC_ET) (hic) }’ ()

B(bo) (z [b (E +AE t
Yr(rt)= T exp{ ﬁ—c) oY LR ]
P

Gzl o
2 o () (8-2) ]
pot

Gzl o

B(b, 3 AE
Ya(rt)= ; ) exp[ (é)[bo'l’— (Eo+—2~ t]} (5d)

B(by) is the periodic block factor which is assumed not

(4a)
(4b)

B(b
I3

\bh (I’,/) =
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to vary rapidly with bo; bo is the Brillouin zone mo-
mentum vector, and E, is its corresponding mean
energy value; AE is the width of the energy band gap.

¥, of Eq. (Sa) is the wave function of the trapped
electron. The trap model assumed here is a hydrogenlike
structure in a dielectric material with the effective
dielectric constant, €, adjusted so that the ionization
energy is equal to (E¢—Er). (Ec¢ is the edge of the
conduction band.) This means that the ‘“radius,” a;, of
the trap is determined by the relation

a=[Er/(Ec—Er)]lan, (6)

where Ep is the Rydberg energy of hydrogen and ay
is the Bohr radius.

¥y of Eq. (5b) is the wave function for the energetic
free electron in the conduction band.

Y1 is the wave function for the incident hole and ¥,
is the wave function for one of the free electrons in the
vicinity of the trap. (The thermal energy of the free
electron has been neglected in this rough treatment.)
Since a hole is to be assumed to be a vacancy in the
valence band, ¥, corresponds to a valence band state
of an electron, thus explaining the (Eo,—3AE) energy
factor instead of (Eo+3AE).

H;in Eq. (1) is the interaction energy, which will be
chosen on the assumption that only the longitudinal
components of the electromagnetic field contribute to
the reaction. Thus, only the instantaneous Coulombic
interaction between two electrons need be considered
(since with the hole being merely an electron vacancy,
this will be a two-electron problem).

In order to obtain a finite value for the cross section,
it will be necesssary for the Coulombic interaction to
have a kind of screening radius only within which inter-
action can take place between two free carriers in the
semiconductor. Such a screening radius has been
proposed by Pines® on quite general grounds. The value
of this screening radius was proposed to be the Debye
length, Lp.

Thus, H; will be assumed to have the following form :

2

H;=————exp(—|n—r:|/Lp),
Eolrl_ r2|

(7)

where ¢ is the static dielectric constant.
When one uses the relations of Eq. (7) and equation
sets (4) and (5) in Eq. (3), the matrix element can be

3D. Pines, in Solid State Physics, Advances in Research and
A pplications, edited by F. Seitz and D. Turnbull (Academic
Press, Inc., New York, 1955), Vol. 1, p. 377.

41t has been assumed in this and the subsequent sections that
the effective dielectric constant of the Coulombic interactions
between moving electrons and holes is nearly €. This is felt to
be justified because within the critical separation distance of 10~7
cm the two carriers would be moving past so rapidly that the
interaction would be of the order of 107 second. This, however,
would have nearly all frequency components less than the critical
value of (AE/#) (=210 sec™!) at which the effective dielectric
constant starts to decrease.



RADIATIONLESS RECOMBINATION

shown® to have the form:
(b,e I H1] f,h) =327 (82/(:0) (Lpzdﬁ/LB/Z)
X[F (poLp)F*(| p—po| ac)
+F(|p—po| Lo)F*(poar)], (8)
where F(x)=[1+22]"
If Egs. (2) and (8) are substituted in Eq. (1) and

the result is integrated over d,, the expression for
the total cross section, o4, will become:

ow(po) =4w (16Lp* an)*(pm*/ e pom) (ai*N )
XL (poLp)F*(pas)+F*(pLp) Fi(poas)
—F(poLp)F (pLp)F*(poar) F*(par)]. (9)

The result of Eq. (9) has been averaged over electron
spin directions, with a statistical weight of 1 being given
to the singlet state and of 3 to the triplet state.

Moreover, the parameter, N, is the free electron
volume density in the semiconductor and appears in
Eq. (9) because of the fact that it is possible for any
free electron in the semiconductor to be in the vicinity
of the trap. Thus, the cross section for one electron
must be multiplied by N.L3. Since the cross section for
one electron will contain the factor L3, the L¥s will
cancel and the result will be that of Eq. (9).

Incidentally, from equation set (4), it can be deduced
that the following energy relation must be satisfied for
energy to be conserved and, therefore, for the reaction
to take place.

9%/ 2m*c*— (E¢— Er)+AE= p?/2m*c (10)

It is also possible for a reaction similar to the one
described above to take place in the first step of recom-
bination. Here the role of holes and electrons would be
reversed and an energetic hole would be given off
instead of an energetic electron. The details of the cal-
culation of the cross section, o1, would be very similar
to those of o14; and within the accuracy adopted here,

a16(po) =1 (po)LN+/N ], (11)

Ny is the hole concentration.

Incidentally, it should be mentioned that there is
another process, similar to process No. 1, which can
take place in the second recombination step. This
process, instead of involving a free electron and a free
hole near a trap, would involve an exciton (i.e., the
solid state analog of positronium) coming within the
vicinity of the trap and being annihilated. However, by
using the calculation methods developed here, it can
be shown® that this exciton process will ordinarily not
be able to compete with the two radiationless processes
presented here for the very low density of excitons
usually present in most semiconductors.

5 See Appendix A for the details of the calculation. The con-
tribution resulting from the factor | B(bo) |2 being different from
unity has been neglected.

8 Exciton_annihilation at a trap has been calculated by Y.
Toyozawa [Progr. Theoret. Phys. Japan 12, 421 (1954)] using

entirely different methods. However, the two results seem to
compare within an order of magnitude.

IN SEMICONDUCTORS 1471

III. RADIATIONLESS PROCESS NO. 2

This process will first be considered here in connection
with the first step of recombination. The treatment of
the second step will be shown to be very similar. The
process consists of a free electron approaching an empty
trap when there are other free electrons also near the
trap. It will then be possible for a free electron to jump
into the trap with the energy excess (E¢—Er) being
taken up in the kinetic energy of another free electron
in the vicinity. As can be seen, the calculation can be
made into a two-electron problem just as in Sec. IT and
the details will be very similar to those of process No. 1.

The actual value of the matrix element for this type
of process will be quite different than that of process
No. 1. Instead of equation set (4), %1 and #g; will now
have the following form:

wr(r1,12) = (1/V2)[tte (1) ttn (1) £ 1to (r2)un(r) ],  (12a)
wrr (r1,12)= (1/V2)[us (x1) 247 (x2) 25 (x2)us (r1) 1. (12b)

Here u,, u, and #; have the same definitions as before.
u,, representing the spare part of the wave function
for the incident free electron, can be derived from .
which is of the form:

(O ()

exp
L}
po’t
+D0'1'—2—*_2] } (13)

m-c

Ye(r,t)=

From equation set (12), Eq. (13), and Eq. (8) it can
readily be seen that the matrix element, (e,n| H:|b,f),
for process No. 2 will have the same form as (b,n| H;| f,k)
in Eq. (8) except that p must be substituted for po and
po for p. By using this result and proceeding in a similar
manner used in process No. 1, the result for the cross
section a2.(po) can be obtained by substituting p for po
in all of the F’s in Eq. (9). The expression for as.(po)

will then be:
B\ pm*
) ( )(aﬁxVe)F“(Pdc)- (19)

Plan €pomn

a2:(Po) =47r(16

It has been assumed in deriving Eq. (14) that pLp>1.
In comparing the result of Eq. (14) with that of Eq.
(9) it will be found that o2.(po) is, in general, much
smaller than o1x(po). This is due to the fact that
F(poLp) in Eq. (8) is much larger than the correspond-
ing F(pLp) in Eq. (13).

For the second step of recombination it is possible for
a process similar to the one just described to occur. The
role played by the two free electrons before would now
be played by two free holes. The details of the calcu-
lation of the cross section o2, would be very similar to
those of a4, and within the accuracy adopted here,

Uzh(P0)=02s(P0) (Nw/N). (15)
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It will be noticed that in all the calculations up to
now the wave functions for free particles were assumed
to be plane waves (i.e., all of the calculations have been
made only within the Born approximation).

In the case of the wave functions for the emitted
energetic free particles, the plane-wave assumption
is obviously fairly good since here the particle kinetic
energy is comparable to the ionization energy of the
trap. It is also a good assumption for wave functions
of low-energy incident particles where the trap is
initially filled (i.e., in the calculation of ¢1s and o2n),
since then the trap site will be electrically neutral and
there will be no interaction with the incident particle.

It is only for low-energy incident particles where the
trap is initially unfilled (i.e., in calculating o1, and o2.)
that the plane wave approximation for the wave func-
tions may not be valid since here there will be a
Coulombic interaction between the incident particles
with the kinetic energy of the particles far less than the
ionization energy of the trap. It is not expected that
this discrepancy will greatly affect the results of the
calculation of ¢1.. The main reason for this is that the
wave-function amplitude would deviate significantly
from its plane-wave value only in a region of volume
around the trap whose magnitude is about ma.’. How-
ever, the significant contribution to the integral
[written in Eq. (2A)] which is involved in the matrix
element of Eq. (8) will be from a volume region much
greater than wa®, and any corrections within the region
of ras can be neglected.

The situation just described is not true for the matrix
element integral in Eq. (13). Here nearly all of the
significant contributions to the integral occur within a
volume region of wa®. Thus, it can be expected that the
local fluctuations in the incident particle wave function
amplitude may greatly affect the result of o9.. However,
the plane wave approximation will nevertheless be used
here for the calculation of o2, because, first (as will be
seen later), an error in this cross section will not greatly
affect the total lifetime. Second, in order to be able to
make an accurate calculation which is to have any sig-
nificance, it is necessary to have an accurate model of
a deep trap (the hydrogenlike model used here is obvi-
ously not correct) and this is not known. It might be
mentioned that if one uses the hydrogenlike trap model
in an accurate calculation (which is closely related to
the calculation of hydrogen ionization by electron
impact), the result will be a cross section significantly
lower than that calculated by the Born approximation.

IV. RADIATIVE PROCESS

In order to be able to compare the frequency of
occurrence of the radiationless processes with the
radiative one, it is necessary to calculate the cross
section for the occurrence for the first and second steps
of recombination with the emission of a photon.

For the second recombination step, this is done by
using the cross-section formula of Eq. (1), where v, now

LEON BESS

is the velocity of a free hole and pr takes the form
e L3R*dy,

a (27whc)? ’

where k is the energy of the quantum and dQ; is the
infinitesimal solid angle defining its direction of emis-
sion.

The factor ef appears in Eq. (16) because, as stated
above, the crystal is assumed to be a dielectric medium
for radiation frequencies less than (AE/%). Thus, the
wave vector will be (ep)k instead of k as in free space.
The interaction Hamiltonian will then take the form

Hi= (eh/eomc)AT . V. (17)
The initial and final wave functions in the calculation
of the matrix element will be of the form of Eq. (5a)
and Eq. (5¢), respectively. Making the appropriate sub-
stitutions in Eq. (1), the details of the calculation will
then closely resemble those of the photoelectric effect
and can be found in standard quantum mechanics
texts.” The differential cross section do,, which is then
obtained is

c 2\ 2
do = (32X137) (M) (——)
% mc?

(ﬁC/dg)stk/é()%] (bo . Sk)2d9k
[(he/ a0+ (po—eot k)T

where g is the unit polarization vector of the quantum.
After summing over the quantum polarization and per-
forming the dQ integration (assuming that po>k),
the total cross section o, is:

() () () (o o

where a9 is the atomic spacing so that 5¢=23%c/a¢ and
where it has been assumed that:
k=Ec—Er. (20)
The calculation of o, will for the most part be very
similar to o,, and it can be shown that

pF (16)

18)

Ec—Er
Ure(po) = (m

r— Ly

)a,h@o). (21)

V. COMPARISON OF THE PROCESSES

If it is assumed that the percentage of empty traps
(whose concentration is NV,) is £, then it can be shown
that the decay rate for electrons is:

dA\/Te/dtzLVeE(l/TTe—l_I/T‘?e)’ (22)

where

1 0

—=N [ gl Do),
0

Tre

(23)

1 0
N, f 2(po; T)valose(po)-Loae(pe) Jdpo.  (24)

Tce

7 See, for example, reference 2, p. 122.
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Here g(po; T) is the Maxwellian thermal distribution in
po(=m*vy) corresponding to the temperature T

Upon carrying out the integrations over po in Egs.
(23) and (24), the approximate result will be

(25)

2AT 5 =
I/T,-eg‘givzvoﬂre,

1 LD JV}, A'Ve
Lapral (2) (Yot ()], 0
Tce LD i?Vi Zvi

where 9o= (3kT/m*)*; N; the intrinsic carrier concen-
tration and Lp is the Debye length at intrinsic concen-
tration. From Egs. (9), (14), and (19) the definition
for the various &’s are:

O o
3/ Ve Po / L(eo)taohc

a,L ﬁ
6020H2) (a)

(27a)

&1.,=41r(16a,)2(

]F (Par), (27b)

ah P m*
&2.,=47r(16(1t)2( )(—) —~)
602(11-12]3 7_)0 m

The parameters po, p, and k are defined from the fol-
lowing approximate relationships

ﬁ(): m*i;'o, (283)
p=[2m*(Ec— Er)c* ]}, (28b)
k=Ec—Er (28¢)

To compare the frequency of occurrence of the
radiationless processes with the radiative one, it is
necessary to obtain the ratio (7,¢/7..). When the ratio
is greater than unity, the radiationless processes will
predominate. To compute this ratio, it is necessary to
know the cross-section ratios (&io/Gre) and (G2o/Gre).
The cross-section ratio can be shown as a function of
the various physical parameters by using equation set
(27). The result is:

Gle mc*pay a:Lp
R s
Gre Eogkhﬂ

x[(hj ]4((:0:) (29)
) P w
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Comparison of the various processes by means of
numerical calculations will now be made for the case
of germanium at 300°K. The values for the various
physical parameters used in the calculations will be:
AE=0.7 ev; Ec—Er=0.3 ev; m*/m=0.3, ¢,=3X10-8
cm; ao=1.7X10"3 ecm; Lp=3X10"5 cm; #c/Po=1.7
X10=7 cm, %c/p=5X10"8 cm; N,=3X 108 cm™3, and
eo=16. When these values are used in Egs. (29) and (30),
it can be found that (&:,/5..) is about 10* whereas
(F2¢/re) is only about 5. The actual values of the
cross sections found from equation set (27) are
722X 107% cm?; 72,2107 cm?and ¢1,22X 1018 cm?
(which is about the value found experimentally?8).

As can be seen from Eq. (26), the nonradiative life-
time 7., will be a function of doping. The dependence is
illustrated in Fig. 1 (by the solid line) and is based on
the calculations performed above for germanium. In
calculating values for the curves in Fig. 1, it has been
assumed that Lp will depend on doping as given in the
following relation:

LD = [eokT/ZweQ (AVe‘f_.Vh)]%

=Lp[2N/ (N AN (31)

In studying the ., curve of Fig. 1, it should be noted
that the variation of r.. with doping when the sample
is p-type is relatively small [varying only as (NV./N,)*].
This is because in this range (where the No. 1 type of
recombination process predominates) the variation of
Lp with doping tends to counteract the variations of 7.

As the sample is made n-type, 7. will at first increase
rapidly because now the variation of Lp with doping
will be in the same direction as the variation of ... The
increase in 7. with doping will however change to a
decrease for highly doped #n-type samples when the
No. 2 type of recombination process becomes dominant.

The treatment for the second step of recombination
is almost exactly the same as the first step and the
results are very similar.

8 Burton, Hall, Morin, and Severiens, J. Phys. Chem. 57, 853
(1953).
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Instead of Egs. (25) and (26), the following results
for the'second-step lifetimes 7,4 and 7.4 can be obtained

(32)

— 3 5o
I/T,-h—ffvt‘l}oo'rh,

1 Lp\ /N, Ny
___=%N:i70[ (_—)( )51h+ (“—‘) ‘727»]- (33)
Tch Lp/ \N; Ny

The forms of &4, 11 and s, will be exactly the same
as their counterparts &,., &1, and &, in equation set

(27) except that the definitions for p and k will be
changed. These will become:

p=[2m*c¢*(Er—Ev) J},
k= (Er—Ev).

(34a)
(34b)

The dotted curve in Fig. 1 shows how 7., will vary
with doping. As can be seen, the 7., curve is just the
1. curve rotated about the (N./N,=1) line. This
means that 7. in the » region will behave similar to
7ce in the p region (and wice versa) and the arguments
for this behavior are the same as those for 7.

The long dashed line in Fig. 1 represents the curve for
7re and 7,1. As can be seen, even at the most unfavorable
points (corresponding to the ‘“humps” in the 7., and
Ten Curves), 7., and 7., are about 300 times as great as
Tee OF Tcno This means that the nonradiative recom-
bination processes are always greatly predominant over
the radiative ones.

VI. GENERAL REMARKS ON THE THEORY

In this section some very brief, descriptive remarks
will be made on some of the physical aspects of the
theory described above.

The first question to be considered concerns the
characteristics of semiconductors that would tend to
favor radiative transitions over the type of nonradiative
transitions described here. As can be seen from Egs.
(22), (24), (23), and (26), the rate of decay by a radi-
ative transition is linearly proportional to the carrier
concentrations N, or N; whereas the rate of radiation-
less transitions will be proportional to the § power or
second power of these quantities. Thus, it would appear
that radiative transitions would be more prevalent in
high resistivity material where N, and N are relatively
small, Moreover, from a study of Egs. (29) and (30) it
can be seen that the ratios (¢1¢/Gre) and (&2./Gr.) will
decrease rapidly when pa,>1 owing to the factor
F*(pa;) (Poa: is, in general, less than unity). Now,
according to Egs. (6) and (28b), pa; will be independent
of the trap depth (E¢— Er) in the first step of recom-
bination. However, Eq. (6) is valid only for donor types
of traps. For acceptor types, (E¢— Er) in Eq. (6) must
be replaced by (Er— Ey). In this case, pa; will be pro-
portional to the quantity [(Ec—Er)/(Er—Evy)]}
which, for a given trap “depth” (Ez— Ey), will become
larger as the band gap AE increases. Thus, it seems
likely that pa;>1 and (G1¢/Gre) and (G2./Grs) can be
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small only in wide-band-gap materials. By a similar
argument it can be shown that this is also true for
(é11/@:1) and (Gan/Grn). Therefore, it would seem that a
wide band gap should be characteristic for semicon-
ductors with a relatively high prevalence of radiative
transitions. The fact that most phosphors are high-
resistivity wide-band-gap materials seems to lend
validity to the above remarks.

The second question to be considered is how the
recombination scheme described here would modify the
Shockley-Read theory.! The only point of difference
with the Shockley-Read theory is that the lifetime
parameters 7., and 7.x are functions of doping whereas
the corresponding quantities (1/C, and 1/C,) of the
Shockley-Read theory are not.

The difference in the two theories would show in the
actual lifetime, 7, vs doping characteristic (Fig. 2 of
reference 1).

From Eq. (5.5) of reference 1, the dependence of the
lifetime, 7, on various parameters will be

T= Tch(]Vg‘l“Ne)/ (NN
F7ree(Ni+Nw)/ (NN,

where N, and N, correspond to #; and p; (in reference 1)
respectively. Upon using the results of Fig. 1 in Eq.
(33), it can be seen that variation of = with doping for
the nonradiative processes considered here should be
quite similar to the characteristic illustrated in Fig. 2
(of reference 1). The main reason for this is that when
the sample is # type the first term in Eq. (35) will, in
general, be dominant and in this range 7., will have
only a small variation with doping (whereas in the
Shockley-Read theory 7,0 was constant with doping).
Similarly, when the sample is p type the second term
in Eq. (35) will be dominant and in this range 7., will
only vary slowly with doping. The variation of 7., in
the » region (and 7., in the p region) will not, in
general, greatly affect the 7 vs doping characteristic.
The difference between the two theories should show
up mainly at high doping concentrations where in the
Shockley-Read theory the lifetime, 7, will be constant
with the doping ratio (N./N;); whereas according to the
theory presented here, there would be a slight falling
off of the lifetime as the sample became more highly
doped [ the variation would be as (N;/N ;)¥ or (V;/ Nx)¥].
From the existing experimental evidence,?® it appears to
be rather difficult to decide which condition actually
prevails.

In the above treatment the nonradiative recombina-
tion process was compared only to the radiative recom-
bination process involving traps. It is also possible for
radiative recombination to occur involving a band to
band transition. Under quasi-equilibrium conditions
this latter type of radiative recombination has been
calculated by several investigators to be very infrequent
(corresponding to a lifetime of the order of one second
in germanium). However, under conditions of large

(35)
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concentrations of both types of carriers (such as in a
p-n junction for large forward voltages), the band-to-
band radiative recombination would be expected (from
the above theory) to be more prevalent with respect
to the nonradiative processes. This is because the
band-to-band radiative transition would vary as the
square of the carrier concentration (actually as N,N3)
whereas the radiationless transitions would, in general,
vary only as the § power of the carrier concentration.
Band-to-band radxatlon has actually been observed in
a p-n junction under forward voltage by Haynes.?

It should be mentioned that the fact that the Auger
effect could be important in recombination has pre-
viously been stated by several authors.!®!! There has
been no detailed calculation, but it would appear that
only the processes corresponding to &3, or Gas (i.€., only
the radiationless process No. 2) had actually been con-
sidered. The calculations performed here, however,
would indicate that, in general, it is only the radiation-
less process No. 1 that is prevalent enough to be able
to give rise to the observed semiconductor recom-
bination.
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APPENDIX A

By using Egs. (9), set (4), and set (5) in Eq. (3),
the matrix element can be shown to have the form

(bn| Hi| f,h)= e (wa )AL~ I (r1/as; porz| pra)

+I(r1/as; pori| pra)], (1A)
where
d31’1d37’2
T
| 11— 1

1 I rl—rzl 71 . .
Xexp[—( — ——+ipo-r2—ip- rl)]. (2A)
fic Lp a;
Below, use may also be made of the relations
I(rs/as; pors| pro) =1(r1/as; pora| pr1),  (3A)
I(rs/ av; pora| pri) =1 (r1/as; por1| pra). (4A)

There remains only, therefore, the problem of evalu-
ating the integral I(ri/a:; pora| pr1). The following sub-

9 J. R. Haynes, Bull. Am. Phys. Soc. Ser. IT, 1, 131 (1956).
10 1,, Pincherle, Proc. Phys. Soc. (London) B68, 319 (1955).
I N. Sclar and E. Burstein, Phys. Rev. 98, 1757 (1955).
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stitutions must be made in Eq. (2A):
n=(1/V2)(u+v),
= (1/V2)(u—v),

so that d*ud®v=d%rd%..
become

1 d%v 1 V2
I=— | — exp[—(i\/?po-v——)] [ d*u
V2 J, v fic Lp/ 1V

1714 la—v]| =
Xexp[i(ﬁcpo—p)«u—v)— s )] (74)

(SA)
(6A)

Equation (2A) will then

Since in the % integration v will act as a constant vector

and the integration is over all space, the substitution
z=u—v, d2=d%,

can be made in Eq. (7A) and will become a product of
two independent integrals. When one performs the ¢
angular integration in both integrals I will become:

A o))

1
de

X’j;w Z2d2£1
v;hc(i{po—plxz—\%a‘)]l, (84)

X exp[

where x;= cosf; and x,=cosf;. When one performs the
x1 and x9 integrations, the result is:

)
(e 2) =2, o

When one performs the v and z integrations, the final
result is then:

8]
I(—; Po"2|1’fl)=
a;

2(4m)2(kc)?
(fic/ Lp)* po?
(he/ar) (ho)?
[(hc/a™+ | p—pol 7T

When one uses the result of Eqs. (10A), (3A), and
(4A) in Eq. (1A), the expression will then become that
of Eq. (10) in the text.
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