1270 J.

*Work supported in part by the Joint Services Electronics
Program under Contract No. F44620-69-C-0047.

TWork supported in part by The National Science Founda-
tion Undergraduate Research Participation Program under
Grant No. GY-5727 and GY-7582.

!G. Busch and H. Labhart, Helv. Phys. Acta 19, 463
(1946); G. L. Pearson and J. Bardeen, Phys. Rev. 75,

865 (1949).

IN. F. Mott, Proc. Phys. Soc. (London) 62, 416 (1949);
Phil. Mag. 6, 287 (1961); Advan. Phys. 16, 49 (1967).

N. F. Mott, Can. J. Phys. 34, 1356 (1956).

N. F. Mott and W. D. Twose, Advan. Phys. 10, 107
(1961).

M. N. Alexander and D. F. Holcomb, Rev. Mod. Phys.

B. KRIEGER AND

M. NIGHTINGALE 4

40, 815 (1968).

8C. Yamanouchi, K. Mizuguchi, and W. Sasaki, J. Phys.
Soc. Japan 22, 859 (1967).

"H. Fritzsche, J. Phys. Chem. Solids 6, 69 (1958).

®H. Fritsche, Phys. Rev. 125, 1552 (1962).

C. Yamanouchi, J. Phys. Soc. Japan 18, 1775 (1963).

10N, Mikoshiba, Rev. Mod. Phys. 40, 833 (1968).

s, P, Li, W. F. Love, and S. C. Miller, Phys. Rev.
162, 728 (1967).

25, B. Krieger, Phys. Rev. 178, 1337 (1969).

33, M. Ziman, Principles of the Theory of Solids
(Cambridge U. P., London, 1964), p. 133.

"4p, J. Price, Phys. Rev. 104, 1223 (1956).

5M. J. Katz, Phys. Rev. 140, 1323 (1965).

PHYSICAL REVIEW B

VOLUME 4, NUMBER 4

Free-to-Bound and Bound Exciton Transitions at
Isoelectronic Impurities: GaP(Zn,0)

M. DiDomenico, Jr., J. M. Dishman, and K. P. Sinha*
Bell Telephone Laboratories, Muvvay Hill, New Jersey 07974
(Received 26 February 1971)

We show, for sufficiently high temperatures and sufficiently weak majority-carrier binding
energies, that the dominant radiative transition at an isoelectronic acceptor (donor) in p-type
(n-type) material consists of the recombination of singly trapped minority carriers (bound by
central-cell forces) with free majority carriers attracted by a Coulomb interaction. There
are two reasons why the radiative recombination rate of the free-to-bound process is greater
than the bound exciton process, which dominates at lower temperatures: (i) The population of
free majority-carrier states greatly exceeds that of exciton states at higher temperatures,
and (ii) the oscillator strength of the free-to-bound transition is greatly enhanced by the Cou-
lomb attraction between the free carrier and the charged isoelectronic impurity. This en-
hancement is important for isoelectronic centers and is easily calculable from existing exci-
ton models. We show that the free carrier attracted by a Coulomb interaction can be viewed
as a continuum excited state of the bound exciton. When we apply the results of our calcu-
lations to the GaP(Zn, O) system, we find that the major part of the room-temperature lu-
minescence from nearest-neighbor isoelectronic Zn-O complexes results from free-to-bound
recombination and not exciton recombination as has been thought previously. Recent experi-
ments on impulse excitation of luminescence in GaP(Zn, O) are reevaluated in the light of our
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calculations and are shown to be consistent with a strong free-to-bound transition.

For deep

isoelectronic centers with weakly bound majority carriers, we predict an overwhelming
dominance of the free-to-bound process at 300 °K.

I. INTRODUCTION

Isoelectronic impurities have three distinct and
coupled occupation or charge states, i.e., empty
(neutral), singly occupied (charged), and exciton
occupied (neutral). The three-state nature of iso-
electronic impurities greatly complicates the re-
combination processes occurring at these impuri-
ties, as discussed in detail elsewhere.!~® It has
been amply demonstrated* over the past several
years that isoelectronic impurities are important
radiative recombination centers in many wide-band-
gap semiconductors. At low temperatures, where
free carriers are absent, the luminescence from
isoelectronic centers is due principally to excitonic

recombination. However, at high temperatures,
where thermally generated free-carrier concentra-
tions are large and where thermal dissociation of
excitons occurs, we find that excitonic recombina-
tion becomes less probable, while at the same time
free-to-bound recombination originating from the
singly charged state becomes increasingly more
probable. As a result, we anticipate that the high-
temperature emission from isoelectronic centers
will in general be made up of a combination of exci-
tonic and free-to-bound emissions. These two pro-
cesses are manifestations of the same basic inter-
action. That is, the excitonic process involves ra-
diative recombination of Coulomb-attracted bound
electron-hole pairs, whereas the free-to-bound pro-
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cess involves radiative recombination of trapped
minority carriers with Coulomb-attracted free ma-
jority carriers. This rather special situation is of
particular importance for three-state isoelectronic
impurities where the singly charged state can be
regarded as the excited continuum state of the neu-
tral ground exciton state.

The purpose of this paper is to calculate both the
excitonic and free-to-bound lifetimes for isoelec-
tronic centers taking into account electron-hole cor-
relations arising from the basic Coulomb interac-
tion. In our calculation we do not consider coupling
with the lattice. We show that the ratio of free-to-
bound to excitonic lifetimes depends only on the ex-
citon binding energy and the free-particle density.
Thus, it is always possible, in principle, to deter-
mine the relative importance of free-to-bound and
excitonic processes. Our results make use of
Faulkner’s calculations® for bound exciton transi-
tions at the nitrogen isoelectronic center in GaP,
and Elliot's work® on the theory of optical absorp-
tion in the vicinity of the band edge of semiconduc-
tors. The calculation of free-to-bound and exciton-
ic lifetimes closely parallels the calculation of the
absorption intensities of exciton and interband transi-
tions in semiconductors. (In principle, these life-
times can be obtained from the impurity absorption
coefficient using detailed balance, " although phonon
cooperation makes this difficult in practice, partic-
ularly for deep impurities such as the Zn-O complex
in GaP.)

We apply the results of our calculations to the
GaP(Zn, O) system and show that the major part of
the room-temperature luminescence from nearest-
neighbor isoelectronic Zn-O complexes results
from free-to-bound recombination and not exciton
recombination as has been thought previously.!=%8?
Because the free-to-bound and excitonic transitions
are so similar in GaP(Zn, O), they overlap both
spectrally and temporally and are thus difficult to
separate. Recently, impulse-excited luminescence
experiments have been conducted using GaP(Zn, O)
electroluminescent diodes. ' In impulse experi-
ments, %72 the rate of buildup of the luminescence
is controlled by the free-to-bound process.!? By
fitting theoretical expressions for the impulse-ex-
cited luminescence which include the free-to-bound
process, we estimate the room-temperature free-
to-bound lifetime from Zn-O centers as about 1
usec for a Zn concentration of 10*® em™. This val-
ue is in reasonable agreement with our theoretical
estimate of 0.8 usec.

IIl. THEORY OF EXCITON AND FREE-TO-BOUND
LIFETIMES

A schematic diagram of the three-state model'™®
for an isoelectronic center in p-type material is
shown in Fig. 1. Figure 1(a) indicates how the un-
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FIG. 1. Schematic representation of electron and hole
recombination at an isoelectronic center. (a) Conversion
of N{ state into Ny state by electron capture (1,5). (b)
Conversion of Nj state into NJ state by thermalization
(T¢n), and by radiative (7,) and nonradiative Auger (rg,)
recombination. Also indicated is conversion of Ny state
into N¥ state by hole capture (r,,). (c) Conversion of N}
state into N{ state by radiative (r,,) and nonradiative
Auger (r,,) recombination. Also shown is conversion of
N7¥ state into Ny state by hole emission (;,). Energy
levels E; and E, refer, respectively, to the electron and
hole binding energies of the isoelectronic center.

occupied center (concentration N?) is converted into
an electron-occupied center (concentration N;) by
capture of minority carriers (lifetime 7,,). Figure
1(b) indicates how the electron-occupied center re-
verts back to the unoccupied state through electron
thermalization (7,,), nonradiative Auger recombina-
tion (7,,), *® or radiative (free-to-bound) recombi-
nation (7,,). If majority-carrier holes are captured
(7,¢) through Coulomb attraction by the singly
charged electron-occupied centers, bound excitons
form (concentration N}). The excitonic configura-
tion, shown in Fig. 1(c), will transform into either
the electron-occupied or -unoccupied configurations
by hole thermalization (7,,), radiative (excitonic)
recombination (7,,), or nonradiative Auger recom-
bination (7,,), 413 respectively. Owing to the multi-
plicity of lifetime parameters, the description of
recombination at isoelectronic centers is generally
complex. =% Moreover, the identification of radia-
tive processes is difficult, especially in the high-
temperature limit where nonradiative Auger pro-
cesses are present and where phonon interactions
(lattice relaxation) broaden lines appreciably. We
now show that the basic radiative lifetime param-
eters 7., and 7,, can be computed in the absence of
phonon interactions.

Several calculations exist in the literature for
the strengths of optical transitions at bound-exciton
impurity complexes. We follow here the derivation
given by Faulkner, ° who considered explicitly the
absorption due to the nitrogen isoelectronic center
in GaP. The momentum matrix element for optical
transitions is of the form5

Bru= [ d%, [ &k, F(K, , Ky) (cK,|B|0K,) . (1)

In this equation (ck, |5 |vk,) is the momentum matrix

14-16
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element between conduction- and valence-band Bloch
states, the % integrations are limited to the Bril-
louin-zone volume, and the expansion coefficient

F (Ee , E,,) is the exciton envelope function in the mo-
mentum representation, satisfying the Schrodinger
equationS

[E - E(K,)+E,(K,)] F(k,, ky)

= [d% [(cK,| 0| cq) F(§, k) - @F|V|vk,) F(K,, )]
- (4ne?/€) (2n)° [d°qq 2 F(K,+§, ky+d). (2)

Here, E,(k,) and E,(Kk,) are the conduction- and
valence-band energies, respectively, and the ma-
trix elements involving the potential U(T) of the iso-
electronic impurity are between Bloch states in the
same band. (Only a single conduction and valence
band are assumed for simplicity.) To a good ap-
proximation, the wave vector of the emitted photon
is zero, which then requires l?e =k, from momentum
conservation. Thus P,; simplifies to

Bei = (87%/V) [ @k F (K, k) (ck|p|vk), (3)

where V is the crystal volume and (ck|p|vKk) is the
interband momentum matrix element between the
periodic parts of the Bloch functions at K, i.e.,

(v/8%) [, d°r wle(F)P u,i( ¥)

= (V/81°)p,,(K). (@)

(ck|B|vk)=

Suppose we write the exciton envelope function as
a product function

F(k,, k) =1,(k,) f(Ky). (5)

We wish to calculate P, in two cases. In the first,
the hole is bound to the center in a shallow s-like
state, while in the second the hole is in a Coulomb-
attracted continuum state. In either case the hole
wave function f,(k) will be very strongly peaked
abq_ut the valence-band maximum at k=0. Since
fx(k) will be much more rapidly varying in this re-
gion than either f,(Kk) [see, for example, Eq. (3.19)
of Ref. 5] or (ck|flvk), we may approximate Eq.
(3) by the expression

Bes =£o(0)5,,(0) [ @k (k). (6)

By writing the momentum wave function f, in terms
of its Fourier transform ¢, in the spatial represen-
tation and converting from momentum matrlx ele-
ments to electric dipole matrix elements [ [ucu

= foor1 A7 uFo( F)Fu,o(¥)], we can rewrite Eq. (6) as

“H = (EI‘/E “'cvfe(o) <P;.( r= 0), (7)

where Er is the direct energy gap at k=0 and E is
the transition energy. Equation (7) is in the same
form as that of expressions derived elsewhere!*~1¢
for direct-gap materials. To evaluate the radiative
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lifetime 7,, we make use of the standard formula'’
and obtain

1

et = L P LA CTE PG R

The excitonic lifetime 7,, is governed by the wave
function for the bound-hole states. For the lowest-
lying s state, we have®

| (ph(o)l 2 = (ﬂa’?)-ly

where a, is the effective Bohr radius of the hole (or

exciton). The exciton lifetime is therefore given by
1 4e? 2 2 2f 1
T—”—(g{rgs) | beo| 2|, (0)| 2E, E2 ?Zi) , €)

where E, is the exciton transition energy.

The free-to-bound lifetime T7,, associated with
continuum hole states involves an integration over
the thermal distribution of valence-band hole states,
i.e.,

%f[ (3,”) | o |?|7.(0)|? (B, + By + B )ER

X | @o,(0)|2 VF(E,) p (E,) dE,,  (10)

where E, is the hole binding energy, E, is the kinet-
ic energy of a hole in the valence band, f(E,) is the
Fermi-Dirac distribution function, and p(E,) is the
valence-band density-of-states function. The func-
tion ¢,,(0) in Eq. (10) is the Coulomb-excited-state

wave function, ® given by

| ©.,(0)| 2= rae™/Vsinhra , (11)
where

a=(E,/E,)"2. (12)

The factor f(E,) p (E,) in the integrand of Eq. (10)
undergoes a maximum near E,~ kT and decreases
exponentially for E,>RT. Over the energy range
where f(E,)p (E,) is appreciable (i.e., 0<E,<sev-
eral kT), « is large, with the result that

| 9or(0)| 2= 2102/ V. (13)

By inserting this value into Eq. (10) and replacing
E,+E,+E,by E.+E,, we obtain

?1;(8“ )(uwl |£.(0)!? (B, + E,) E2EL/2

f f(E, )D(E )dE

In the nondegenerate limit, it is easy to show, as-
suming spherical bands, that Eq. (14) reduces to

1 (16Vre?
Ter \ €

(14)

| oo 2| (O | %(E, + E )Ez(kT)mp,
(15)
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where p is the free-hole density.

The ratio of the excitonic to free-to-bound life-
time is independent of the interband matrix element
and the envelope function £,(0) and is given by

1/2
Tar_y4-3/2,3(Es E,+Ey
P a"(kT E, )P

er

(16)
X

Although this equation was derived in the limit
where coupling to the lattice is absent, we might
reasonably expect that both 7., and 7,, will be af-
fected by phonon interactions in the same way, and
that, as a consequence, Eq. (16) should also apply
in the presence of lattice relaxation. Support for
this contention is provided by the experimental ob-
servation that the dominant coupling between the
bound exciton and the lattice is via the particle
bound by central-cell forces. Thus, for the Zn-0O,
Cd-0, %and Bi!® centers in GaP luminescence from
the N; and Nj states have shown very similar phonon
structure.

IIl. LIFETIME PARAMETERS FOR THE
Zn-O COMPLEX IN GaP

The radiative lifetimes for the Zn-O complex in
GaP are now easily calculated. For a net Zn accep-
tor concentration N, =10 ¢cm™, we have at room
temperature p = 6. 76X10'" cm™ and E, = 26 meV. 13
The exciton transition energy is E,~1.8 eV.%® The
effective Bohr radius of the bound hole is estimated
from the relation

E,a,=e%/2€~0.65 eV A amn

to be a,=~ 25 A. Substituting these values into Eq.
(16) gives

Tep/ Ter™ 0. 25. (18)

The exciton lifetime was measured at low tempera-
ture® to be T.»=100 nsec. It is thought that as a re-
sult of screening by free holes? the room-tempera-
ture lifetime for N, =10'® cm™ should be T,, = 200
nsec. Using this value, we estimate from Eq. (18)
a free-to-bound lifetime of

Tor~ 800 nsec (19)
or
18
Te,zéi();;i nsec. (20)

It should be noted that the Coulomb contribution
to 7,, is quite large. For example, if |@,,(0)|?
were equal to 1/V in Eq. (10), we would find in
place of Eq. (15) the result

1 4e?

Ao () O €m0 B, (o)
Thus the ratio 73,/7,, is given by

Tor/Tey=4VT (E,/RT)V 2, (22)
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In the case of the Zn-O complex in GaP, we find
(23)

which leads us to conclude that an upper bound for
the free-to-bound lifetime is

0 ~
Ter/‘rer"' 7)

70,~ 5600 nsec. (24)

The model which leads to this upper bound is over-
simplified and is believed to be unphysical. The
model whichleads to the lower bound 7,, = 800 nsec in-
cludes the important interactions and is believed to
provide a realistic estimate for the free-to-bound
lifetime.

In previous papers'~® an exciton occupancy factor
f was defined by the relations

Ni=fNg,
(25)
N=(1-f)Ng,

where N; = Nj+Nj is the total electron-occupied con-
centration of isoelectronic centers. Explicit ex-
pressions for f were given in terms of the various
lifetime parameters in Fig. 1 and the hole concen-
tration. In terms of the f factor, the ratio of free-
to-bound to exciton luminescence is given by

Ler/Lxr = [(1 "f)/f] (Txr/Ter)v (26)

where 1,,/7,, is givenby Eq. (16). Using Eq. (26)
we can estimate the relative importance of free-to-
bound and excitonic transitions at any temperature
and at any hole concentration. For the case of
Zn-0 in GaP it has been shown® that for N, = 1018
cm™ the occupancy factor f including screening ef-
fects® ™ is close to 0.1. If screening effects are
neglected, then f assumes its thermal equilibrium
value close to 0.2. Substituting these values for f
and 7,,/7,,=0.25 into Eq. (26) gives upper and lower
bounds on L,,/L,,, i.e.,

1.0<L,/L,<2.3, (27

implying that a major fraction of the total room-
temperature luminescence from GaP(Zn, O) is due
to free-to-bound transitions. If 7,, were as long as
5600 nsec, the ratio would be L,,/L,,~0.3, implying
that, at the very least, the free-to-bound lumines-
cence is an appreciable fraction of the total lumi-
nescence.

Although the Zn-O isoelectronic complex has been
our primary interest in this discussion, the results
can be applied generally to yield a lower bound to
the ratio L,,/L,, for any isoelectronic impurity as
a function of the binding energy E, of the Coulomb-
attracted carrier. From the definition? of f, one
can easily show that

A -A/f> N, /pBleEr/*T |

where N, is the effective density of states associ-
ated with the Coulomb-attracted carrier, and B8 is
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its degeneracy factor. Using this inequality and re-
placing E +E, in Eq. (16) by E,, we find from Egs.
(16), (17), and (26) a lower bound for L,,/L,,:

(Eu) =4ﬂa/zN e~ En/kT (iy
Lxr min ﬁ(kT) E;. 2€ :
In Fig. 2 we plot (L,,/L,,)mi. VS E, at 77 and 300 °K
using constants appropriate to GaP in Eq. (28).
From these results we expect that the free-to-bound
process dominates the excitonic process for E,< 30
meV at room temperature. For very shallow bound
particles, Fig. 2 predicts the free-to-bound pro-
cess to be of overwhelming importance at room
temperature.

It should be pointed out that the steps leading to
Eq. (28) have tacitly assumed that the effective
charge Ze binding the holeat the charged isoelec-
tronic impurity is of unit value (Z=1). For
GaP : N, where the electron wave function is ex-
pected to be spread out over the unit cell, one might
well anticipate that Z <1 since the 1s wave function
assumed for the hole is nonvanishing at the origin.
Such a view seems to be supported by the observa-

(28)

2
10 T I [ [ T =
10— —
- =
— —
c L 77°K 300°K _]
g
(4
E o =
& = 3
—J
2 — ]
L — ]
— — —
107 — —
= GaP(Zn,0) o
E GaP: N GaP(Cd,0) 3
— -
— -
102 | ] 1 ] ] ]
0 10 20 30 40 50 60 70

COULOMB BINDING ENERGY Eh(meV)

FIG. 2. Lower bound of the ratio L,/L,, vs the ma-
jority-carrier binding energy Ej using the following con-
stants in Eq. (28) appropriate to Zn-O in GaP: B=2,
€=10.75, N,=3.98x10"T3/2 cm™3, Two ranges of E,
are designated which are appropriate to important iso-
electronic centers in GaP.
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FIG. 3. Schematic diagram of two-path model for re-
combination of minority carriers in GaP(Zn, O). After
generation by excitation G, minority carriers can be cap-
tured by Zn-O centers (T,) or can be shunted to the
valence band by unspecified residual impurities (7).
After capture, electrons may be thermalized (1g,) or
may recombine with holes. Recombination with free
holes from Ny states occurs in a lifetime 75. Alterna-
tively, a hole is captured (7,;) to form bound excitons
(N§ states) which recombine in a lifetime 74, or are de-
composed by thermal emission of the trapped hole (7;,).

tion that the binding energy of the hole,® E,~ 10
meV, is much less than the effective-mass binding
energy E, of acceptors in GaP, i.e., E =50 meV.'®
One may attribute such a reduction either to a re-
duced effective charge Z or a reduced effective
mass m} for the bound hole, through the relation

E,=Z%*m} /2¢%° . (29)

If one attributes the total reduction in the binding
energy E, to a reduced effective charge Z, one finds
Z=0.45. On the other hand, a variational calcula-
tion for Z performed by one of us (J.M.D.), and to
be presented elsewhere, results in Z=0.91. It is
a straightforward matter to show that for Z <1, the
right-hand side of Eq. (28) is multiplied by a factor
Z%. Thus, for GaP:N, the results of Fig. 2 should
be lowered by a factor ranging from 0.04 to 0.7
corresponding to 0.45<Z<0.91. We are more in-
clined to the upper limits of these values, and sug-
gest that a major factor in reducing E, in Eq. (29)
is a reduced effective mass, possibly resulting
from the repulsive interaction between the hole and
the central cell.

IV. IMPULSE-EXCITED LUMINESCENCE

Impulse-excited luminescence experiments have
recently been conducted on GaP electroluminescent
diodes.!® An analysis of the impulse response, °
assuming that the room-temperature luminescence
was proportional to the instantaneous exciton pop-
ulation only, suggested that the initial rise of the
luminescence depended on the hole capture time 7,
in Fig. 1. We show that owing to the presence of
the free-to-bound transition the rate of production



4 FREE-TO-BOUND AND BOUND EXCITON TRANSITIONS...

of electron-occupied states, which depends on the
minority-carrier lifetime, controls the buildup of
the luminescence. By fitting our expressions for
the impulse-excited luminescence'? to the available
experimental data, !° we find that 7,,~1 usec gives
a good fit to the data. This value is in reasonable
agreement with our theoretical estimates.

Referring to Figs. 1 and 3, the general nonlinear
differential equations describing minority-carrier
(n) recombination are

=G+ (nt/Tnt) (N;/Ne) - (n/'rng) (N(g]/Nt) - n/T,,, (30)
Ny = 0/ Tpe) NY/N) + (B /Tpe) N7/N,)

= (0¢/Tne) Ne/Ny) = (b/7pe) N3/Ny) = Ni /75, (31)
|

1275
N: = (p/Tpt)(N-t/Nt) - (ﬁh/Tpt)(N:/Nt) - Ny /Ta s (32)

N,=N3+N;+Nf; (33)

1/Tin= (1/7y) (n,/Ny), 1/7'”: (l/Tpt) (bn/Ny), (34)
where n, and p, are the Shockley-Read #n, coeffi-
cients® for N7 and N7, respectively, and 7, repre-
sents a nonradiative shunt path for recombination

of minority carriers through centers other than the
isoelectronic centers (see Ref. 2). It can be
shown'®!2 that the solutions to the linearized equa-
tions obtained when Nf/N,: 1 take the following form
when G is an impulse [initial conditions N3(0) = N;(0)
=n(0)=0]:

ze-t/‘l'z

Y AVt 1,7t/ T .27t/ 73 )
Nit)=N (N,) (T,,,'r,,) ((‘r1 — 1)1y~ T3) * (1 =7 )(T3—T3) * (t3= 713 -T2)

and

(85)

N;(t) :N<1ﬁ_alg> ([(T]/Ta)+ ('i'l/Ttp) - 1] e'”Tl+ [(T/T“)'F (T}/T”) - 1] e-g/‘rz+ [(73/7a) +(73/7'tp) - 1)] e-t/1-3> , (36)

Tnt (19— 72)(1y - T3)

where N is the strength of the impulse. The life-
times 7y, T,, and 73 can be obtained straightfor-
wardly using Laplace transform methods. !*'? They
represent three basic decay modes of the system
shown in Figs. 1 and 3 (i.e., 7., 74, and 7,) and
contain implicitly the coupling parameters 7,, and
T, Which mix the Nj, N;, and n states.

We now show the behavior of the impulse-excited
luminescence L(¢) given by

L(t)=Ni(t)/T4 + N:(t)/ T,y . (37)

The lifetime parameters for GaP(Zn, O) used in our
calculations are listed in Table I. These param-
eters were determined elsewhere. 2 Figure 4 gives
curves of the luminescence from Nj states (L, =
Ni/t.,)and N; states (L_=N;/7,,), aswellas the total
luminescence L=L,+L_. The only unspecified life-
time parameter is the shunt-path lifetime 7, (see
Fig. 3). In Fig. 4(a) we show the expected behavior
for 7,=40 nsec, a typical value for GaP(Zn, O), % and
in Fig. 4(b) we give curves for a very short lifetime
7,=1 nsec corresponding to one of the electrolumi-
nescent modes of excitation reported elsewhere. 1°
Note that L_ rises with an initial slope equal to the
minority-carrier lifetime 7, =7,7,:/(7,+ 7,) in each
case. The L, response is delayed by the effect of
Tpe- The curve for the total luminescence in Fig.
4(b) fits the published experimental data, '° which
are shown as open-circle points. We conclude from
the fit that 7,,~1 usec for a Zn acceptor concentra-
tion of N4~ 10'® cm™.

(1= 7 )12 = 75)

(13— )(13=75)

|

We expect that as 7, decreases, the luminescence
output will decrease in amplitude but will rise more
rapidly. These expectations are borne out in the
curves shown in Fig. 5 where we give plots of total
luminescence vs time for 7,=100, 40, and 1 nsec.
It should be clear from these curves that impulse
excitation of the luminescence provides a means for

TABLE I. Lifetime parameters for GaP(Zn, O) corre-
sponding to a zinc concentration of 10'® cm=3 and a Zn-0
trap concentration of 10'® em™3. (To compute the concen-
tration and temperature dependence of Ty and T, sSee
Ref. 2. T, is temperature dependent through the hole
concentration p. For Ny=10'" cm™?, p=6.76 x10'7 ecm™3.)

Electron and hole capture cross sections
Ope =2x1071% cm?®

3.6 _
Opt = —T——>< 10716 em?

Lifetimes at 300 °K
Tt = (00,N,) 1= 17,8 nsec
Tin=Ny/ng) Tpy = 167 nsec
Tt = WORN)™1=7.9 usec
T4p= (N¢/pp) Ty = 20 nsec
Tw =200 nsec (includes screening)

6.76
Tor=

T p

x 1017 usec
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FIG. 4. Plots of the time dependence of the normalized
red luminescence L/N [see Eqs. (35)—(37)] calculated for
impulse-excitation conditions in GaP(Zn, O) using the
parameters given in Table I and a net acceptor concentra-
tion N4 =10'® cm=3, Shown is the total luminescence L
and the components L_and L, computed for a shunt-path
lifetime (a) T,=40 nsec and (b) 7,=1 nsec. The open cir-
cles are taken from the results of the reversed-bias
electroluminescence experiment in Ref. 10.

measuring minority-carrier lifetime. To determine
the lifetime, it is necessary to fit the luminescence
response to the theoretical expressions given above
and adjust 7, for a best fit. Note that when 7, is
long, the rise time is insensitive to 7,, since 7,
~ T, in this limit. On the other hand, when 7, is
short the rise time is controlled by 7, since 7,~7,.
However, the amplitude of the luminescence drops
in proportion to 7,, making it more difficult to ob-
serve the luminescence time response. Because
previous workers!® only included the effects of the
N7 luminescence in their analysis, they concluded
that the rise time depends on the hole capture time
Tst» and that by measuring the rise time when 7, is
short one should be able to obtain directly an exper-
imental value for 7,,. We believe that the results
of our analysis make this point of view uncertain.
Finally, a comment is in order regarding the
possibility of observing the predicted free-to-bound
luminescence spectrally, as has been done recent-
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ly, # for example, for the deep oxygen donor in
GaP. In the latter case, a new no-phonon emission
line was observed at 87 °K at an energy = E, + kT
higher than the no-phonon donor-acceptor emission
line, which dominates the infrared emission from
oxygen at lower temperatures (E, is the acceptor
binding energy). By analogy, we would expect a
new emission line at ~ 300 °K due to free-to-bound
transitions from the Zn-O center in the red region
of the spectrum at an energy =~ E, + 2T higher than
the excitonic recombination. However, even at very
low temperatures the red excitonic emission is very
broad and almost devoid of structure, ® which seems
to argue against observation of a new line at 300 °K.
By contrast, the green emission from the nitrogen
isoelectronic center in GaP shows sharp structure
even up to room temperature. 2 From our calcula-
tions, one should expect a new free-to-bound line

to appear at temperatures above =~ 77 °K (see Fig.
2). In this case, however, structure in presently
available luminescence data cannot be unambiguous-
ly identified because of the very strong self-absorp-
tion of the luminescence which is emitted at ~ 10
meV below the band edge. Indeed, we expect the
predicted free-to-bound emission from nitrogen at
77°K to peak in energy about 3 meV above the band
edge, and consequently to be completely obscured
by self-absorption. (In this sense the no-phonon
free-to-bound emission would be effectively nonra-
diative.) The ideal candidate for spectral analysis
would be an isoelectronic center which deeply traps
a minority carrier, but binds the majority carrier
with only ~10 meV. No such center has been iden-
tified for GaP.

Tp =100 nsec
Tn =40 nsec
Tn=1 nsec

NORMALIZED LUMINESCENCE (usec™)

TIME (nsec)

FIG. 5. The calculated impulse-excited time response
of the red luminescence in GaP(Zn, O) for three values
of shunt-path lifetime 7,. Parameter values and normali-
zation are the same as in Fig. 3. The 7,=1-nsec curve
has been magnified by a factor of 10.
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V. CONCLUSIONS

This paper has introduced the importance, and
possible dominance, of free-to-bound transitions
from isoelectronic impurities in the high-tempera-
ture regime. We have shown that excitonic and
free-to-bound transitions are due basically to re-
combination of trapped electrons, forming singly
occupied (charged) states of the isoelectronic cen-
ter, with bound and unbound holes. The electric di-
pole matrix element for the free-to-bound transition
was shown to be enhanced appreciably by the Cou-
lomb attraction of the singly charged state. Ana-
lytically the Coulomb attraction was accounted for
by using Coulomb wave functions for the unbound
hole state.

Previous work on recombination at isoelectronic
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Zn-0 centers in GaP has assumed that the room-
temperature emission was entirely due to excitons.
The results of this paper provide evidence that
free-to-bound recombination at Zn-O centers is an
important and even dominant process. Theoretical-
ly, we calculated a free-to-bound lifetime of 7,,

~ 0.8 psec, and from experimental impulse data'®
we found 7,,~1 usec. These values are in reason-
able agreement.
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