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Using Bloch and hydrogen-like functions, the impact-ionization coefficient has been calculated for
processes in which an electron in a band collides with an electron on an impurity so as to ionize it. The prob-
lem is solved in the zero-order approximation, which is valid for trap depths large compared tokT, .Estimates
of impact-ionization cross sections obtained this way are in good agreement with exact numerical calculatoins
for the range relevant to this paper. The theory is applied to study the effect of doping on breakdown elec-
tric fields in bulk materials at low temperatures. Comparison with experimental work done by Lambert on
P-type germanium yields satisfactory agreement with the theory. Graphs of the impact-ionization coeffici-
ent as a function of electron temperature have also been obtained for several trap depths. Finally, we present
a framework for predicting breakdown fields if donor and acceptor concentrations are known.

1. INTRODUCTION

A THEORY of Auger recombination into hydrogen-
like traps has recently been developed and found

to be in broad agreement with the sparse experimental
facts available. ' ' It is, therefore, important to extend
the theory to situations for which more experimental
information is at hand. This is attempted in this paper
by considering impact ionization from shallow traps at
low temperatures. 4 ~ Other work not considered here
has also been done in this field. ~'4 This brings within
the range of the theory the dependence of the electric
breakdown field in bulk materials on compensation
ratio.

The theory is based on one-electron functions, per-
turbation theory, and parabolic bands, with the extrema
at k=0, noninteracting impurities, and nondegeneracy
(see Secs. 2 and 3).The electric field is assumed to enter
through a displaced Boltzmann-like distribution func-
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tion )see Eq. (3.9)]. This simpliffcation makes the
problem tractable and seems justified by the satisfactory
agreement with experiment which is obtained (see
Sec. 5).

The main results are the following: (a) An expression
has been obtained for the probability Pk per unit time
that an electron of wave vector k in the conduction
band will ionize a hydrogen-like center by exciting an
electron from the ground state or from an excited state
into the continuous levels )Eq. (3.8) and Fig. 2].
Associated results have also been obtained for the
probability per unit time P(k,p) of an electron in state
k being scattered through an angle y as a result of the
impact ionization (Figs. 3 and 4). (b) The value of Pt„
integrated over the distribution function, is called the
impact ionization coeKcient and is denoted by X& and
X4 (Fig. 1).Earlier theoretical work on these coefficients
has been done by Yamashita, ' who took. the cross
section as indepen. dent of k, and in Ref. 1, where only
the case of thermal equilibrium (no electric Geld) was
considered. This latter work is here extended to include
the e6ect on X» and X4 of the electric 6eld and the
electron temperature t Eq. (3.10) and Fig. 5]. (c) This
work has been used to explain four curves of breakdown
field as a function of compensation )Figs. 6 and 7].
Each curve has been fitted by assigning an appropriate
value to one adjustable parameter LA in Eq. (4.3)].

Ke believe these results to be an improvement on
earlier work comparing theoretical and experimental
breakdown ffelds as a function of compensation (Ref. 7,
Fig. 11; Ref. 15, Fig. 2). This work dealt with high-
purity tt-type material (impurity content ft'f&+Ez
(10" cm '), and the impact ionization cross section
was taken to be independent of k in both cases. The
electron distribution functions were taken to be pro-
portional to expL —(bE/kT)'], where b is a function
of the applied field in Ref. 7, and proportional to
exp) —(E/kT, )"']in. Ref. 15.The latter expression was
justified by assuming the electron-acoustic phonon
interaction to dominate. The present treatment of Pk is

"A. Zylbersztejn, Phys. Rev. 127, 744 (1962).

683



684 M. E. COHEN AND P. T. LAN DSBERG
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Fn. 1. Processes
assumed to aBect
electric breakdown.

where
,Vrls()ts+ [k—k'[')

(2.4)

P1/ y—y/2 N*(k', r)I(k,r)dr

function for some speci6ed quantum numbers e and 3

(pN is taken to be zero). As in Ref. 1, it is found that
approximately

(c) Alternotive notation for T,',X'„T„X,

AT Az

superior, and there is improved agreement with experi-
ment. As to the use of the drifted Maxwellian distribu-
tion here, it can be regarded only as a rough approxima-
tion, but it seems a reasonable choice for higher im-

purity concentrations, where a number of different
scattering mechanisms are in play.

2I' 1—cosxr=—[v[
A,2 g2

where x is (tjh) times the change of energy in the
transition. The conceptual background is here the same
as discussed in Ref. 1, i.e., the wave functions are taken
to be determinants of one-electron functions, and the
perturbation U is the screened Coulomb interaction
between the electrons in the conduction band. After
summing over all spin assignments to states k, k', k"
(see Fig. 1) the matrix element has the form

[ Zj[s=2([~~[s+ [~g[s+ [~o—~@[s) (2 2)

%ith the notation of Fig. 1,

e' exp( —)trts)
Mo —— y*(k',r t)y*(k",rs)

6f12

Xy(k, rt)ye(rs) drtdr„

and 3fg is the corresponding exchange term. The eRec-
tive dielectric constant has been denoted by e, the
P's are Bloch functions, and p@ is a superposition of
Bloch-type functions;

@(k,r) =N(k, r)e'~', gq(r) = P w(k, r)Gqe'~', (2.3)
all R

where e and e have lattice periodicity and 6& will be
taken to be a Fourier coefBcient of a hydrogen-like wave

2. OUTLINE OF THE CALCULATION

The calculation of the probability of an impact ioniza-
tion in a time t after the perturbation has been switched
on is based on the well-known result

X N*(k",r)n( —k+k'+k", r)dr . (2.5)

One may suppose that for the contribution to the
probability T due to [Me [', the final states k' and k" in
Fig. 1 are interchanged. In all transition rates discussed
here, these states are summed over so that the contribu-
tion due to [3fs [' is equal to that due to [3II~[s. The
contribution due to the third term in (2.2) is known to
be usually small from the dotted graphs in Fig. 5 of
Ref. 1. It will therefore be neglected, as will the effect
of )' in (2.4).

Although something is known about the erst factor
in (2.5),"very little is known about the second factor.
The factor P" is therefore retained in the theory; it is,
however, put equal to unity for the numerical work
leading to Figs. 6 to 8. In this way the method employed
is broadly equivalent to the use of the Born approxima-
tion, at least when the impurity is ionized from its
ground state. Our procedure is not quite equivalent to
the eRective-mass approximation. If the latter were
used, the function tI in (2.3) would be independen. t of
k, and an overlap integral would result which could
not justihably be replaced by unity. '

One might hope to improve this procedure by appeal
to quantum-mechanical treatments of the ionization
of hydrogen atoms by electron impact. Unfortunately,
this is not yet a well-understood problem, at least for
the low electron energies of interest here. " Neither
quantum-mechanical methods alternative to the Born
approximation, "nor classical procedures, ' "appear to
give results much superior to those obtained by the
Born approximation.

For a given trap state (e,l) and given wave vector
k of the energetic electron, one can now obtain the
impact ionization probability per unit time P& by
summing (2.1) with

[U ['=4[~~[s (2.6)

over all k' and k", and multiplying by the number e~V

"E.AntonBik and P. T. Landsberg, Proc. Phys. Soc. (London)
82, 337 (1963).

"N. F. Mott and H. S. %'. Massey, The Theory of Atomic
Collisions (Clarendon Press, Oxford, England, 1965), 3rd ed. ,
Chap. XVII, Sec. 6."Reference 17, Chap. XIII.

"M. Gryzinski, Phys. Rev. 138 305 (1965).
'0 L. Vriens, Phys. Letters 10, 1 0 (1964).
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of occupied states (N, t). The simplifying feature here is
that for a nondegenerate band the probability factors
for states k' and k" to be empty can be taken as unity.
Hence,

2i V 1—cosx
4I~~Iz dk'dk". (2.7)

a2 8~a) g2

and l. This is given by

1
Gze= G(r)c~a'rdr

v

i'2 "+'+sr (21+1)(sz—l—1)! '"
e'l t

(rs+l)!

(3.1)

Also of interest is the impact ionization probability
per unit time I', obtained by integrating I"& over the
occupation probability of the states k of given spin in
the conduction band. This distribution function e(k,F)
will in general be dependent on the applied electric
6eld F, and hence one obtains P as a function of F;

P= Pj,o(k,F)dk=Xtsz, rs(V.
8x'

(2.8)

Here e, and n& are the conduction-electron concentra-
tion and the trapped. -electron concentration, respec-
tively. Equation (2.8) introduces the quantity X&,
conventionally called the impact-ionization coeKcient.
It was denoted by Xi in Refs. 1 and 21 and by Az in
Refs. 4 and 5. The alternative notations and the proc-
esses of interest in this paper are shown in Fig. 1.

Equation (2.8) has been evaluated analytically by
us, for each of the terms in Eq. (2.2). Expressions have
also been obtained for degenerate semiconductors and
for a nonparabolic band structure. These results will be
reported in due course.

3. IMPACT IONIZATION FOR A BOLTZMANN-
LIKE DISTRIBUTION

The use of (2.'7) together with (2.4) requires knowl-
edge of the Fourier coeKcient G„ofthe hydrogen-like
wave function G(r) for specified quantum numbers I

ci (cz—1)
X C~-i—t'+'I, 3.2

(1yc2)i+2
"

i,cz+.1j
where C is a Gegenbauer polynomiaP' defined by

(1—2xt+P)-"=P C "(x)v

C= KS/tr ~ (3.3)
The parameter 0, will be related to the depth E~ of the
state (rs, l) below the conduction band through

A AQ/2rlg= an—/2m n =P (I=1 2 ' ' ') (3 4)

In a consistent application of the hydrogen model the
donor spectrum is fixed by

n =e'rN. /ebs', (3.5)

an equation not used here. Equation (3.2) is a more
convenient form of G~ than that used in Ref. 1.

Since x= —k+k'+k" in (2.4), it follows from (3.3)
and (3.4) that

c'= 0/ke' ——Ik—k' —k"I'/ke'. (3.6)

The main contribution to the integral in (2.7) comes
from the smallest admissible k values, i.e., k ko. Since
k' —k"=he'+k'" (energy conservation), one may then
neglect k' and k" compared with k and ke in

I M~ I.
This is the sero order approxir-lati, om of Ref. 1 and

is adopted in Sec. 4 and 5 and in this section where

stated. It implies that c'=1, so that one can use the result

Ce t t'+'(0)= 0 (ss—l even)

rs+l —1i in —l—1~
( 1)(n l-1)/2- I! s!I I! (I—l odd).

2 j 'E 2 j
(3 7)

This shows that impact ionization from certain hydro-
genic levels does not occur in zero order (see the re-
marks about Tr in Ref. 1.) In zero order, and apart from
the overlap integral (2.5), the integrand in (2.7) is thus
seen to depend on k' and k" only through x. The overlap
integral is taken out of the integral with k' and k" re-
placed by zero. It is then denoted by I FeIz.

Another interpretation of the zero-order approxima-

"D. A. Evans and P. T. Landsberg, Solid-State Electron. 6,
169 (1963).

tion is possible for the case when rs t is odd. T—hen"

c'—1
max C„gt'+'I

I
=C„i t'+'(0).

c'+1j

Thus the approximation consists of (a) replacing the

~~ Bateman Manuscri pt Project, Higher Transcendental FNnctions,
edited by A. Erdelyi (McGraw-Hill Book Company Inc. , London,
1953), Vol. 1, p. 175.

"G. Szego, Orthogolai Polyaomrais (American Mathematical
Society, Nevr York, 1959),p. 169.
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Gegenbauer polynomial by its maximum value, (b)
replacing Ik —k'I' by IkI' in (2.4) and e' by 1 in (3.2),
and (c) replacing the overlap integral IF"

I by IFoI
before the integral in (2.7) is carried out. 'p' - '. !:jf~::4

The integration in (2.7) is now straightforward and
yields

(2l+1) (Is—/ —1)! I sr(l+tI —1))!
~R

(Is+()! L
—', (II—l—1)j!

m, e4e, —k2
X2"+sms. —1 IFpI'(k& ko) (3 8)

h'e2ko' & ' I I I I

,4 .8 0 .4 .8 l +os Y

Pro. 3. The proba-
bility per unit time
2'(k,~) as in Fig. 2,
for an initial electron
energy of 168g. A
logarithmic scale has
to be used because
of the strong forward
scattering.

The zero-order approximation restricts the validity of
this result for II=1, /=0 to (k/ko)'~&1. 21. The error
does not then exceed 13%, as has been found by
numerical integration. This also shows that for 2ko'&k'
(16kp', Pa increases linearly with (k —kp)'/kkp, a
result not used in the sequel.

Figure 2, obtained with the aid of a digital computer,
shows the behavior of the corresponding cross section

dominates (Fig. 4). The results of Figs. 3 and 4 were
computed numerically. In the zero-order approximation
vector k' would be replaced by a null vector, so that
P(k,y) would be indepen. dent of y in this approximation.

In order to obtain analytical results for the average of
the probabilities discussed so far, the distribution func-
tion 0(k,F) of Eq. (2.8) for the electrons in the band
must be taken in the simplest possible form. This is
usually done in similar problems. We here adopt a dis-
placed Boltzmann-type distribution with an effective-
electron temperature

8(k,F) = 8 (s-o)s/'tI. e
—'&"—~'&', (3.9)

o s——(m,/Is, kk) Pg

in terms of the unit

o =k'/2III, kyar„ks= (m,/k) pF

o.t= (III,/Is, kkp) X 10'/r 2X10 ' cm'.
where

This value is based on III./III =0.2, s= 16, II&= 10"cm ',

IFoI =1, E,=0.01 eV, e,=10"cm ',
III )1/2 ps+ 3/2

r—=3.9X10' —
I

sec 3.63 X 10 ' sec.
2 / e4II~

I
Fp

I

'

The 6gure shows that the zero-order approximation is
very good up to (k/kp)'=2, and this range dominates
when one integrates over a Boltzmann-like distribution.

If in (2.7) one had not integrated over the angle y
(say) between k and k', one would have obtained the
probability P(k,y) per unit time that an electron in
state k is scattered through the angle y as a result of ion-
izing a trap. For a relatively slow electron, k/kp 1.01,
one would then expect a certain amount of back
scattering (see Fig. 3). For a faster electron (k 4ko)
however, it is found that forward scattering completely

Here k~ is Boltzmann's constant and p is the drift
mobility. Equation (3.9) presupposes a suKciently
small applied electric 6eld. Using (3.8) an.d (3.9) in
(2.8), one finds for the impact ionization probability per
unit time I' and the impact ionization coeKcient X~

where

ks(ks kp) (kd+ko)' —1 9k''+7kpks

XexpL —o.(ko—4)'j
15ks 5kd' 3kp'kg kg(kss ——kp')'

4O-'~2

e *'Ch, (3.11)

IO

I

2Q 28
ko

PIG. 2. The cross-section
o.I, fOr impaCt iOniZatiOn
(due to an electron", ,initially
in state h) of a hydrogen-
like state e =1, l =0, plotted
against k'/ko'. The result in
the zero-order approxima-
tion is shown dotted. o ~ has
been taken as 2&&10 ' cm'.

(2l+1)(N—l—1)! I:,'(5+m —1))I '
D—=

~.e4V~)~,~
X2"+ss'/'o'/' IFpI' (3.12)

6 ko k~7

and I(—) is obtained from I(+) by replacing each
ke by —kd.
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FIG. 4. The proba-
bility per unit time
P(k,y) of an electron
in state k being scat-
tered through an
angle y as a result of
impact ionizing an
electron from a state
n=1, l=0, y being
the angle between k
and k'. The initial
electron kinetic en-
ergy is assumed to be
1.02E~. v has been
taken as 3.63 )&10 8

sec.

LOFTI PkL

0-
I I I I I

.4,8 0,4,8 I COS II'

4. SOME AUXILIARY RELATIONS

The impact-ionization coefficient calculated in Sec. 3
involves the electron temperature T„the applied field
F, and the mobility p. The inter-relationships between
these quantities have been investigated by other
workers to some extent. The results which have been
found must now be introduced into the above theory
and are summarized in Table I. In Sec. 5 it will be
shown how the preceding theory can, together with
these relations, explain the dependence of breakdown
electric field on compensation ratio.

Since the bulk of the comparison with experiment is
concerned with p-type Ge, the critical drift velocity of

The expression (3.10) for Xi can be written for zero
applied field (Pg= 0)

Xi= (XI)~ exp( —EI/kBT),

where (XI),u is an average impact ionization coefficient
for carriers with sufhcient energy to ionize a trap. Using
the values given in Ref. 7, i.e., m,/m=0. 25, e=16,
E,=0.012 ev, and. T=6'K, (3.10) yields

(XI).,/(Fo)'=5X10 ' cm'/sec.

This compares well with the semi-empirical estimate
of 10 r cm'/sec given by Ref. 7.

Equation (3.10) can also be used as an. expression
for X4 if nl 1VD ——1VA —n, is —replaced by 1''A —i' —p,
m, by m&, n, by p, and EI is interpreted as the energy
gap between the acceptor levels and the top of the
valence band. This modification is needed in Sec. 5 in
order to compare our results with experiment. It is,
therefore, convenient to observe here that for given
Fermi level and for given drift velocity IIF, the impact-
ionization coeKcient must be expected to rise with the
electron temperature T, in the valence band. The reason
is that, under these conditions, the probability of finding
a hole at energies greater than k~T, below the valence
band edge is increased. The important state to consider
for this purpose is state s (Fig. 1) near which the
threshold for impact ionization occurs. The chance of
finding a hole there is increased by raising the tempera-
ture. Calculated curves are shown in I'ig. 5.

TABLE II. Relationships, adopted in this paper (valid for p-type
Ge near breakdown and at T=4 2'K. lattice temperature).

(FB is measured in V/cm).

p, (cm'/V sec)
Tss (cm'/sec)
T, ('K)

10'/F&
1.7)&10 '/T,

A QFB

(4.1)
(4 2)
(43)

FIG. 5.The impact ionization
coefficient X4/ ~FO ~' as a func-
tion of electron temperature in
zero order for hydrogen-like
states n=1, t=0 according to
Eq. (3.10).Values assumed are
drift velocity v&=104 cm/sec,
ms/m=0. 2, and 4=16. Trap
depths Eg. (a) 0.0095 eV, (b)
0.0100 eV, (c) 0.0105 eV, (d)
0.0110 eV, (e) 0.0115 eV.

IP
X4

2

C III~
ace

IP

2-
l I I I l l l

20 30 4p 45 Tg k

'4 E. I. Abaulina-Zavarickaya, Zh. Kksperim. i Teor. Fiz. B6,
1342 (1959) /English transl, : Soviet Phys. —JETP 9, 953 (1959)j."F.J.Darnell and S. A. Friedberg, Phys. Rev. 98, 1860 (1955}."M. Lax, Phys. Rev. 119, 1502 (1960).

10' cm/sec inferred from experiments (Table 2 in Ref. 5)
was used. The resulting relationship (4.1) for the
mobility has been confirmed by other workers (Fig. 9
of Ref. 24 and also Ref. 25).

The equation for the recombination coeKcient T2' is
based on a semitheoretical estimate (Eq. (31) of
Ref. 6]. This should also hold away from the break-
down condition. On the basis of a phonon cascade
model for a capture process via excited states of
centers, one can understand the relationship (4.2)
qualitatively as follows. It is a property of the cascade
processes that the recombining particle (electron or hole)
must come to within a critical distance d of the center
in order to recombine. This distance d is often inversely
proportional to T„orat any rate decreases as the
temperature rises. This effect is believed to be re-
sponsible for the drop in certain capture cross sections
with rise in temperature. "

The adopted relation between the electron tempera-
ture and electric field is again semiempirical. It was
found by Yamashita [Eq. (15) of Ref. 6] that when
T,/T ~&5 and I4 ~ 1/F one may expect I4F' ~ T,'~'. How-
ever, his theory did not give a good account of experi-
mental results for a majority impurity concentration in
excess of 10" cm '. A stronger dependence on electron
temperature seemed to be indicated. We therefore
adopt pF' ~ T,' at or away from the breakdown condi-
tion. Since Ii ~ 1/F near breakdown, one therefore
arrives at the stated relationship. The coefiicient A is
regarded as an adjustable parameter. Since four curves
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volts
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FIG. 6. Theoretical
break, down Geld as a
function of compensa-
tion ratio for p-type Ge
using Kqs. (3.10) and
(5.3). The vaiues r4=1,
l=0, &=16, my=0. 2m
E4=0.01 eV, and ( F4 I=1 have been assumed.
The experimental results
are shown as dots: (a)
Fig. 5 of Ref. 4, (b) Fig.
7 of Ref. 4.

I

~4
t

.8 (

are fitted, four empirical values of A are found (see
Sec. 5).

It is usual to assume that at breakdown (see Appendix)

X4(FB&T4)= [C/(1 C)]Ts (FQpT, ) . (5.3)

This equation states essentially that the rates due to
the processes Ts' and X4 (see Fig. 1) are equal, provided
only that the hole concentration is small enough. This
latter condition holds in the cases considered here (see
Appendix). Because the theory of X4 involves the field
only through the product of I4P, Eq. (4.1) implies that
the breakdown field is involved only implicitly (through

voits
cm

200

S. COMPAMSON WITH EKPERIMENT

The breakdown criterion is based on the following
equation for the kinetics of the hole concentration:

dp/df =Xs'(N~ ND p)— —
+p[X4(Ng ND p) Ts—'(ND+—p)]-

p'T4(ND+—p); (5.1)

(see Fig. 1). Assuming p to be small enough because of
the low temperature, one finds that in the steady state

X2'
(5.2)

A Idiom&

voIC~3 6-

FIG. 8. The inferred
values of A= T,/—QFs as a
function of majority im-
purity concentration. The
minority impurity concen-
tration can have any value
up to C~0.9.

I

Io"
I

5
N„c.m-

As the Geld is increased, X4 comes into play and Eq.
(5.2) shows that the rate of increase of hole concentra-
tion, with field is accelerated. Eventually, the Eq. (5.3) is
approximately satisfied and breakdown occurs. In the
cases considered here p(&N~ ND even at breakdown—.

T,) in (5.3). The choice of a T, value now yields a
value of X4 by virtue of (4.1) and the theory of Sec. 3.
It also yields a value of Ts' by Eq. (4.2). Equation
(5.3) therefore gives the value C corresponding to T„
and (4.3) gives the corresponding breakdown field, A

being the adjustable constant whose inferred values are
shown in Fig. 8. This procedure yields good agreement
with the experimental results of Lambert on indium and
antimony doped p-type Ge, as shown in Figs. 6 and 7.
Figure 8 shows that T,/QFz increases as the majority
impurity concentration is decreased. This relationship
can be used in the prediction of breakdown fields (for
the situations envisaged here) from the majority
impurity concentration, the compensation ratio, and
other physical constants of the material. This is
illustrated in Fig. 9.

A broad over-all picture of the breakdown depends on
the following points:

(a) Xs' depends largely on lattice temperature, but
little on the applied Geld, because an electron is always
available in the valence band.

(b) Ts' decreases with increase of applied field
(Sec. 4).

(c) X4 increases with increase of applied field (Fig. 5
and Sec. 3).

Well before breakdown X4«1'2', so that according to
Eq. (5.2) the hole concentration increases roughly
according to

I50

100

50—
I

~ 3
I

.5

IC(e).9
C(d)

FIG. 7. Same as Fig. 6.
(c) Fig. 8 of Ref. 4,
(d) Fig. 9 of Ref. 4.

m„,&, n, 4,

Eg K4(4.I)

)(ao)
X, (T,)

c S~
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{4.2)

NA

(S.3)

Fi9.8
A

(4.3)

Fxo. 9. A schematic
diagram illustrating the
application of the theory.
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p—= (X4+Xs'/p)/(Ts'+ T4p) (A2)

is usually taken to be independent of p near breakdown:

7=X4/Ts'.

APPENDIX

Discussion of Eg. (5.3)
In the usual derivations, one obtains (5.2) having

neglected terms in Ps. One then sets the denominator of
(5.2) equal to a small quantity without investigating
if the maximum permitted value for p is being exceeded.
A more careful discussion can be based on the kinetic
equation in the form

dp/«=(T. '+T p)Lv(NA N& p) (N +P)jP (A1)

where

10s &~P(&10"cm '. (A4)

(2) From relation (4.2), Ts' 10 ' cm'/sec, while

T4~&10 ' cm'/sec (Figs. 2 to 6 of Ref. 1) at low tem-

peratures and if excited states can be neglected. Thus
Ts'»T4P; hence (A3) simplifies to

L+D/(N& ND)]T. =X4+Xs /p.

Approximate and simplified relations can be obtained
in three steps:

(1) Iireakdown usually occurs for P((N~ —Nz& 10'
cm '. This is shown to be true by using Fig. 12 of Ref. 4
and the current density relation J=pepF giving

In a steady state,

p 1 ND
7

Ng Nn 1+—y Ng Nn—
(3) From p. 1685 of Ref. 7, Xs'~10 ' sec ' so that,

(A3) using Fig. 5, Xs /p can be neglected in comparison with

the other terms, thereby reducing (A5) to (5.3).
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Extrinsic Recombination Radiation from Natural Diamond: Exciton
Luminescence Associated with the NQ Center

D. R. WIGHT AND P. J. DEAN*

Wheatstone Laboratory, Eing's College, Strand, London, England

(Received 11 August 1966)

A luminescence system with no-phonon lines at 5.251 and 5.261 eV (at 100'K), observed in the edge
luminescence spectra of natural diamonds containing relatively low concentrations of nitrogen in "platelet"
form, has been identified with the so-called E9 center which is responsible for a well-known impurity-absorp-
tion feature. Evidence is presented supporting a recent identification of this absorption system with the
creation of an indirect exciton bound to nearest-neighbor donor-acceptor pairs involving substitutional
nitrogen donors and aluminium acceptors. The donor-acceptor pair behaves like a modified donor with re-
duced ionization energy, since the ratio of the ionization energies of the isolated donor and acceptor is
approximately 10:1 and the donor binding energy is larger than the donor-acceptor interaction energy. The
$9 absorption/luminescence system is only observed when the modified donor is neutral in the unexcited
crystal. Comparison of the E9 absorption and luminescence spectra provides an unambiguous identification
of the phonon replicas and of the principal no-phonon excited electronic states in the absorption spectrum.
The one-phonon replicas have been studied in detail and are compared with those observed in a system in-
volving excitons which are relatively weakly bound at neutral isolated aluminium acceptors in p-type
semiconducting diamond. For both systems the exciton-phonon coupling is a maximum for the optical
phonons of wave vector h, which conserve momentum in the intrinsic indirect transitions. The breadth and
shape of the N9 optical-phonon replicas indicate, however, that coupling occurs for phonons with wave
vectors distributed throughout at least the outer half of the reduced zone, whereas the replicas for the less
tightly bound acceptor-exciton complex indicate that the coupling is negligible other than to phonons with
wave vector relatively close to k,.

I. INTRODUCTION

'HE E9 system was first observed as an absorption
center in natural diamonds some thirty years ago'

and has since been investigated in absorption and lumi-
nescence excitation spectra by a number of workers. ' '
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5.26 eV, a weaker line at 5.28 eV, and associated struc-
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