
BURKE, HOUSTON, AND SAVAGE

Bef. 3, p. 325.
P. J. Lin and D. L. Mitchell (private communica-

tion). This dispersion relation has also been used by
G. A. Antcliffe.

J. 0. Dimmock has pointed out that there are less
restrictive approximations than we have made to Eqs.
(15) or (16) which also yield an ellipsoidal model with
&= (PJP„)2. The most general of these is obtained by
setting P', /.P'„=m"„/'m~i= m'„/m~c

~ B. Lax, J. G. Mavroides, H. J. Zeiger, and B. J.
Keyes, Phys. Bev. 122, 31 (1961).

~SL. M. Both, Phys. Bev. 145, 434 (1966).
BJ. F. Butler and A. B. Calawa, in Physics of Quantum

Electronics, edited by P. L. Kelley, B. Lax, and P. E.
Tannenwald (McGraw-Hill, New York, 1966), pp. 458-466.

C. K. N. Patel and B. E. Slusher, Phys. Bev. 177,
1200 (1969).

'L. M. Both, Phys. Bev. 118, 1534 (1960).

PHYSICAL BEVIE% 8 VOLUME 2, NUMBER 6 15 SE PTEMBEB 1970

Luminescence and Minority Carrier Recombination in p-Type GaP(Zn, O)

J. M. Dishman, M. DiI3omenieo, Jr. , and R. Caruso
Bel/ TelePhone I aboxatoxies, Mm'way Hi/l, Meso Jersey 07974

(Beceived 16 April 1970)

A detailed study of luminescence and minority carrier recombination in Zn- and 0-doped
p-GaP is presented. To interpret the results of photoluminescence measurements, a three-
path model for minority carrier recombination is developed. This model includes recombina-
tion through nearest-neighbor Zn-0 complexes, isolated 0 donors, and an unspecified shunt
path. Included in the model are the effects of thermalizahon of electrons trapped on Zn-0
centers and the effects of plasma screening by free holes on exeitons bound to these centers.
These processes together with nonradiative Auger recombination of excitons and trapped elec-
trons at Zn-0 complexes provide the major limitation of the red quantum efficiency in GaP-
(Zn, 0). Using an iterative self-consistent fit to the available temperature and Zn-doping de-
pendence of the red luminescence efficiency and time decay, values are obtained for all of the
important capture cross sections, time decay parameters, and Auger recombination coeffi-
cients, as well as the minority carrier lifetime. In addition, the concentrations of the deep
Zn-0 and 0 centers are measured optically. It is concluded that the bulk quantum effieieney
of GaP(Zn, O) can be improved by simultaneously increasing the minority carrier lifetime
and decreasing the tree-hole concentration (and consequent Auger processes) by compensation.

I. INTRODUCTION

Two deep radiative recombination centers are in-
troduced into GaP by the simultaneous presence of
zine and oxygen impurities. Isolated oxygen is a
deep donor approximately 0. 9 eV below the conduc-
tion band. ' Infrared radiative recombination at
oxygen (hv= l. 35 eV) occurs when trapped electrons
recombine either with holes trapped on isolated
zinc acceptors' or with free holes. The isoelec-
tronic center formed by a zinc acceptor and an oxy-
gen donor on nearest-neighbor sites (Zn-0 complex)
also acts as a deep electron trap approximately
0. 2-0. 3 eV below the conduction band. 3'4 Red lu-
minescence (he= l. 77 eV) originates from Zn-0
centers in two ways: (i) by pair recombination of
trapped electrons with holes on distant Zn acceptors
and (ii) by recombination of bound excitons. At
room temperature, the red luminescence is essen-
tially excitonic, whereas the infrared luminescence
is essentially free to bound. 3

In a previous paper' (hereafter referred to as I),
a general model for the recombination kinetics of
electrons and holes at isoelectronic centers was
developed. This model considered in detail the
three occupation states of the isoeleetronic center,
i. e. , empty, electron (hole) occupied, and exciton
occupied. It therefore genera, lized the conventional
two-state Shockley-Read-Halle (SRH) recombination
model applicable to nonisoelectronic centers. In the
present paper we study minority carrier recombina-
tion in p-type Zn- and 0-doped GaP by photolumi-
neseence techniques. A three-path model for the
minority carrier recombination in presented. ' This
model includes recombination through the isoelec-
tronic Zn-0 complex, the deep 0 donor, and an un-
specified "shunt path" which accounts for all other
nonradiative centers. The results derived in I are
applied in describing recombination through the
Zn-0 luminescent center. In this treatment we also
consider explicitly how the recombination mecha-
nisms associated with the Zn-0 center are modified
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by plasma screening of the valence-band holes. The
influence of screening in GaP(Zn, 0) has been dis-
cussed elsewhere. In this paper it is shown by
comparison with experimental data that plasma
screening markedly affects the recombination pro-
cesses through the Zn-0 complex.

We have previously shown5 that thermalization of
bare electrons trapped on Zn-0 complexes has an
important influence on the time decay of the red lu-
minescence at room temperature and above. Other
treatments of the steady-state kinetics in GaP(Zn, O)
have neglected this effect. Based on an iterative
self-consistent analysis of the temperature and dop-
ing dependences of the quantum efficiency and decay
time of the red luminescence from GaP(Zn, 0), we
find that the best value for the room-temperature
trap depth of the Zn-0 complex is E, = 0. 23 eV. '
Spectral results are not in disagreement with this
value. ' In addition we find the room-temperature
cross section for capture of electrons onto Zn-0
centers is 0„,= 2&&10 ' cm ." These values make
thermalization an important process in limiting the
ultimate room-temperature quantu~ eff iciency and
time decay in GaP(Zn, 0). A second limiting pro-
cess is nonradiative Auger recombination of bound
excitons and trapped electrons. We find that Auger
processes typically account for 90% of the recom-
bination at Zn-0 complexes. ' On the basis of
these results we suggest that the red luminescence
efficiency in Ga, P(Zn, 0) can be improved by in-
creasing the Zn-0 nearest-neighbor pa, iring (i. e. ,
through annealing)'3'~4 and by compensation to
reduce the free-hole concentration and consequent
Auger processes. Changes in the room-tempera-
ture luminescence decay time and efficiency with
annealing are shown to result primarily from
changes in Zn-0 trap concentration" and the min-
ority carrier lif ctime.

Using the three-path recombination model, we
derive expressions for the low-level quantum effi-
ciencies and high-level saturation values of the red
and infrared luminescence in terms of branching
ratios, concentrations of impurities, and lifetimes.
On the basis of these expressions, we show how the
concentrations of the deep centers Zn-0 and 0 can
be determined from a series of five optical mea-
surements: (i) impurity absorption below the band

gap, (ii) internal photoluminescence quantum effi-
ciency for below-gap excitation, (iii) internal photo-
luminescence quantum efficiency for above-gap ex-
citation, (iv) photoluminescence saturation, and

(v) decay time of luminescence. Mea, surements
(i)-(iii) determine the branching ratios for capture
of minority carriers into the Zn-0 and 0 centers.
It is shown that the value of incident excitation for
which the photoluminescence saturates is simply
related to these branching ratios, the concentrations

of the centers, and the lifetimes of minority car-
riers in these centers. We show that these lifetimes
can be deduced from the luminescence decay times
in a straightforward way. Hence, measurements
(iv) and (v) determine the concentrations of the deep
centers when combined with the branching ratio
information obtained from measurements (i)-(iii).
We point out that measurement (i) can provide esti-
mates of deep center concentrations4 when used in
conjunction with Smakula's equation. In essence,
our technique avoids the problem of determining the
effective-field ratio by using the experimental data
obtained in measurements (ii)-(v).

We also show that the internal photoluminescence
quantum efficiency can be determined experimental-
ly from a measurement of the surface radiance
using a parallel plane sample geometry. ' Compli-
cating the interpretation of the internal efficiency
measurement is the considerable overlap' between
the red and infrared luminescence bands for tern-
peratures above 200 K. We show how the two bands
can be separated using below-gap excited photolu-
minescence spectra and time-decay data. ' Sepa-
rate spectra for recombination at Zn-0 and 0 im-
purities at 300 K are presented.

A detailed analysis of photoluminescence satura-
tion is presented. In particular, the importance of
nonlocal effects due to the exponential falloff and
Gaussian character of the laser excitation in taken
into account. Theoretical saturation curves param-
etrized in terms of measured branching ratios are
generated' for use in determining the saturation
value of the luminescence excitation.

Several solution-grown' samples of Ga, P(Zn, 0)
have been studied. Using the five optical measure-
ments outlined above, Zn-0 and 0 concentrations
were found to be typically of order 10 and 10
cm ', respectively, for crystals prepared by adding
0. 07 mo1% Zn and 0. 02 mol% Ga203 to the melt. A
major fraction of the minority carrier recombina-
tion in these crystals is found to proceed through
an unidentified nonluminescent center. An impor-
tant observation is that annealing the samples at
400 and 600 C increases the Zn-0 complex concen-
tration (by as much as a factor of 5); however, re-
combination through the nonradiative center is
found to increase by a factor comparable to the in-
crease in Zn-0 complex concentration so that the
over-all improvement in luminescent efficiency
rarely exceeds 20%.

II. STEADY-STATE RECOMBINATION KINETICS

A. Local Solutions

A schematic representation of the three-path
model used in analyzing the recombination kinetics
in p-type GaP(Zn, 0) is shown in Fig. 1. We first
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FIG. 1. Schematic representation of the three-path
model for recombination of minority carriers in p-type
GaP(Zn, 0). After generation by the excitation, G minority
carriers may be captured by Zn-0 centers (7'«), by
oxygen donors (T„p) or may be shunted to the valence
band by unknown residual impurities (7'„). After capture,
electrons at Zn-0 sites may be thermalized to the con-
duction band (7„'&), or may recombine with holes radia-
tively (~„) or nonradiatively (7«), Likewise, electrons
trapped at neutral 0 donors may recombine with holes
radiatively (7g,) or nonradiatively {~;«). N& and Np are
the concentrations of Zn-0 and 0 centers, respectively.
The lifetimes v& and Tp are defined in the text.

consider what happens locally within a small vol-
ume of the crystal when electron-hole pairs are
generated at a steady-state rate G (sec 'cm ') and

diffusion of the carriers can be neglected. The
generated minority carriers (concentration n) re-
combine at isoelectronic Zn-0 traps (concentration
N, }, at oxygen donors (concentration No), and

through unspecified residual impurities which
shunt electrons from conduction band to valence
band at a rate n/&„. We take the oxygen donor to
be a conventional two-state SRH recombination cen-
ter which captures minority carriers at a rate~~

(n/~„o)(l —No/No), where No is the concentration
of neutral oxygen donors and 7„0 is the capture
lifetime defined by

T&o = (vo'&o No)

In Eq. (1), U is the thermal velocity of electrons
in the conduction band, and v„o is the electron cap-
ture cross section of the ionized oxygen donor.
Since oxygen is a deep donor, we neglect thermal-
ization of the captured electrons to the conduction
band. Recombination at oxygen centers is then
governed by

(n/~ o)'(1 No/No) =No/To,

where &0 is the total lifetime of an electron on the
neutral donor.

Because the Zn-0 isoelectronic centers can exist
in three possible states, i. e. , empty, electron-
occupied, and exciton-occupied, the kinetics of re-

fo= (1+p„/p+N, 7'p, /pr„) '. (5)

In Eq. (4), N, is the conduction-band density of
states, P, ' is the degeneracy of the bare-electron
state of the complex, E, is the trap energy mea-
sured from the conduction-band edge, and k is the
Boltzmann constant. In Eq. (5) (derived previously
in Ref. 5), p is the free-hole density and 7~, is the
capture lifetime for holes into the negatively
charged (bare-electron occupied) complex. This is
defined by

'lp, = (va'q, N, )

where 0~, is the screened capture cross section
for holes. (Screening of o~, is discussed in Ref. 8
and in Sec. V of the present paper. ) The lifetime

is defined by

I/~. = I/r„„+ I/~, „,
where 7,„ is the intrinsic radiative lifetime of ex-
citons bound to the Zn-0 complex, and r,„ is the
nonradiative exciton lifetime. o'o The quantity p„
is defined analogously to n, [Eq. (4)]:

p p
-f -Eg /k'T

where N„ is the valence-band density of states, and
P„ is the degeneracy of the hole component of the
exciton having binding energy E„. The recombina-
tion kinetics at Zn-0 complexes are therefore
governed by

combination at these centers cannot be treated using
the standard two-state SRH model. It was shown
previously~ that the steady- state recombination
kinetics for three-state isoelectronic impurities
can be treated using a simple modification of the
SHH model by defining N t as the concentration of
isoelectronic centers occupied by electrons in either
single "bare" electron states (concentration N, )
or exciton states (concentration N", ). The capture
rate of minority carriers into the Zn-0 traps then
becomes (n/v„, )(I —N', /N, ), with v„, defined anal-
ogously to T o [see Eq. (1}]:

7„,= (vg„&N&)

where cr„, is the cross section for capture of minority
carriers by the empty (neutral) state of the com-
plex. The equation describing steady-state recom-
bination at an isoelectronic center differs from the
usual SRH expression through a term governing
thermalization of trapped electrons. For an iso-
electronic center this thermalization rate is (see
Appendix A) (n, /v„, )(1-fo) ( N,'/N, ), where the
quantity n, is defined by

n =PNe (4)

and f, is the fraction of Nt' states which are exciton-
ic and is given bys
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Ay, +By, +Cyq+D=o.

The coefficients in Eq. (13) are defined by

A = sw(sw- qr ),
B = qr [1-q —(1- w) ] - sw[l —s(l —2u) ]

+gsw(qr —sw),

C = sw[1 —s(l —w) ] gsw(qr- —2sw),

D = -g(sw)'.

(13)

(14)

The dimensionless parameters s, q, ~, u and g
have special physical significance and are given by

s =(I/r„, )(I/~„, + I/~„, + I/~„)-', (15)

q
—= (I/v„g (I/v„, + 1/y„o+ I/r„)

(n/&„, )(1—bl;/N, ) = (n, /&„, )(I f-)(ltl', /K, ) +bl;/r, ,

(9)

where &, is the total lifetime of the N', state. We
showed previously that &, is given by

I/& =(I f, )/&-o+fo/&. ,

where && is defined by

I/~, = I/r„+ I/r„.
In Eq. (11), 7, „ is the radiative lifetime of the bare
electron trapped at the Zn-0 complex due to two
processes: pair transitions with distant neutral
zinc acceptors and radiative capture of free holes.
Lifetime &,„ is the nonradiative lifetime of the.
bare-electron state. '

The third equation needed to describe the steady-
state xecombination kinetics is that governing the
free electrons„

G+ (n, /r„, ) (I -f,) (lV', /X, ) = (n/~„, )(I- bl', /X, )

+ (n/~„,) (I —Igloo/lq, }+ n/~„. (12)

Equations (2), (9), and (12) determine the steady-
state recombination kinetics of the three-path mod-
el. The solution of these equations is straightfor-
ward. Defining, y, =lq', /lq, and go=-lqo/No a,s the
fraction of electron-filled Zn-0 trays and 0 donors,
respectively, we obtain a cubic equation for g, :

y, = gsw [1—s(1- w) ] ',
yo=grq[l —s(l- u)] '.

(22)

%'e can calculate the low-level red and infrared lu-
minescence emitted locally in the crystal l„and
l„, from the expressions

l„=q, (lq, /r„),

4. = Xo(&o/&i, ),

(24)

(25)

where &„and ~«are the radiative lifetimes of the
red and infrared emissions, respectively. The
lifetime ~„ean be written in terms of previously
defined quantities by the relation'

I/7 „=f, /7 „„+(I-f, ) /~, „—
Combimng Eqs. (22) and (23) with Eqs. (24) and
(25) we calculate the low-level internal quantum
efficiencies of the red and infrared luminescence
g'„and q'„excited above the band gap:

The parameters s and q are the low-level branch-
ing ratios for electron capture out of the conduction
band and into the Zn-0 and 0 centers, respectively.
Thus, 8 gives the fraction of the total steady-state
recombination current which passes through the
Zn-0 sites. If s = 1, all recombination proceeds
through Zn-0 centers, and none through the other
two paths. The parameter r gives the relative ef-
fectiveness of the Zn-0 and 0 sites in returning
trapped electrons to the valence band, The quantity
sv determines the importance of thermalization of
captured electrons out of the Zn-0 centers, i. e. ,
sv is the branching ratio for electron tra.nsfer from
the Zn-0 trap into the valence band as compared to
the total electron transfer to both valence and con-
duction bands. Finally, g is the volume excitation
rate G normalized to the recombination rate N, /7',
out of Zn-0 complexes.

The general solution to Eq. (13) cannot be ex-
pressed in a si.nple form; we will have need of it
only in discussing saturation of the luminescence
under high excitation. The iow-level values of y,
and yo can be found by neglecting a,ll but first-order
terms in X, and g in Eq. (13). This yields

r -=(~, /r, ) (lq, /r, )-',
w

-=(bl, /&, ) [(bl,/r, )+(1-f, )(n,/~„, )] ',
g,'= l „/G = bs [w1 —s(1 —w)] ',

q', p=l, „/G =b„q[l —s{1—u)] ',
(2'l)

(23)

g =G(N, /7', ) ~ . —

In terms of X, the solution for n and yo are

=n()lIy, ) 'lV, (r„/r, )(I —q- s)(ws) ', (20)

X, = [1+(us)(rq) '(I/y. , —1)] ' . (21)

We now digress briefly from the main development
to discuss the physical significance of the param-
eters defined in Eqs. (15)-(19).

where we have defined two more branching ratios
b„—= v', /r„dabn, „=—7o /T~, , for radiative recombina-
tion out of the Zn-0 and 0 centers, respectively.
If thermalization is unimportant (i. e. , w = 1), then
g'„= b„s and g'„= b«q. In this case the above-gap
excited efficiencies are products of branching ratios
for electron capture out of the conduction band
(s and q) and radiative recombination out of the im-
purity levels (b„and b„). If thermalization is im-
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portant (w & 1), then s and q are coupled and the ef-
ficiencies are no longer simple products of branch-
ing ratios. If s = 1, g'„becomes independent of m

since all thermalized electrons are eventually re-
captured. Thermalization out of Zn-0 enhances re-
combination through oxygen, since fewer minority
carriers are effectively captured at Zn-O. For
both the red and infrared luminescence, the higher
the value of s, the less important is thermalization
in its effects on the internal quantum efficiency.

We can also solve for the quantum efficiency of
the red and infrared luminescence excited by belose-

gap excitation. (The question of impurity absorp-
tion and generation of luminescence by below-gap
excite.tion is discussed in Sec. III. ) In this ca.se
we take G = 0 in Eq. (12) and add the term G, (the
rate of below-gap excitation) to the left-hand side
of either Eq. (2) for generation of the infrared lu-
minescence or Eq. (9) for the red luminescence.
The below-band-gap-excited infrared efficiency
q„ is given by

b
; ~ir ~ir ' (29)

Thus, the below-gap efficiency measures directly
the bi, branching ratio. For the below-gap excited
red efficiency we find that

7)„' =b„w[I —s(I-w)] '. (30)

Recalling Eq. (27), we see that q„'/g„' = s, so that
the quotient of the two efficiencies is a measure of
the s-branching ratio. (In Appendix 8 we discuss
the modifications of this result when excitons are
created directly at Zn-0 sites by below-gap excita-
tion. )

B. Saturation

When the local generation of minority carriers
becomes large enough, the low-level approximations
are no longer valid, and the filling fractions y, and

jo can vary nonlinearly with excitation. Figure 2
gives typical examples of this behavior for q = 0. 01,
~ = 1, u = 1, and variable s. At low excitation the
minority carrier recombination divides into three
paths with a fraction s going through Zn-0 centers,
a fraction q going through 0 centers, and a fraction
1 —s —q recombining via the assumed nonsaturable
7„path. In the examples of Fig. 2 the Zn-0 center
has been made dominant. Consequently, it fills
more rapidly than the 0 level, approaching its sat-
urated value (y, = 1) sublinearly. When this occurs
the recombination traffic through Zn-0 is diminished
with respect to the excitation, and the two remain-
ing paths must furnish a larger fraction of the total
recombination. If the 0 path is comparable to the
nonsaturating 7„path, then it must begin to fill up
very rapidly to carry the larger recombination
load, thus resulting in a supralinearity when the

I.O

I-o OI

Oz
O.OI

O0

O.OOI
O.OI O. l I.O IO I 00

NORMALI ZED E XC) TATION Qe

FIG. 2. Variation of the local occupancy factors p&

and go at high excitation levels, for several s values,
where q=0. 01, ~=1, and sv =1. For large s values, po

increases superlinearly with excitation.

center fills. Conversely, the roles of the two cen-
ters may be reversed if q is much larger than s.
Alternatively, there is little or no supralinearity
if s and q are comparable. Wide variations in the
parameter x do not affect the nonlinearities, but
simply scale yo through Eq. (21). In the presence
of thermalization, i. e. , re&1, the effect is approxi-
mately the same as reducing s.

In order to determine the dependence of the satu-
ration behavior on material parameters such as
lifetimes and capture cross sections, it is conven-
ient to reduce the three-path model to a two-path
model in which the oxygen centers are either neg-
lected or lumped together with the 7„path. In this
case we take q= 0 and I/x=0 in Eqs. (13) and (14),
and obtain a quadratic equation for p, . An approxi-
mate solution for g'„resulting from the solution to
this equation is

g'„= wsb„[ws(1+g) + (1 —s)] '. (31)

It is convenient to define the condition of saturation
as occurring when wsg„, = (1 —s) + ws, i. e. , for
G„,defined by

G, , = (N, /7, ) [1+(1/w)(1/s —1)]. (32)

If thermalization is unimportant (w = 1), we have
from Eqs. (3) and (15)

Gnat = (&&ng'rg7m) (33)

where 7. is the total minority carrier lifetime in
the two-path model I/w =I/v„, +I/v„. If 7'

saturation is seen to be independent of the trap con-
centration N, and inversely proportional to the prod-
uct of lifetimes 7,T . If thermalization cannot be
neglected, the expression for G„,becomes

G„,=(v(r„,7.,v ) +(I/7„)(1 fo)N, P,e & ", (3—4)
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where we have used Eqs. (3), (4), (15), and (18).
Thermalization thus acts to delay the onset of satu-
ration to a degree determined by the strength of the
nonsaturable path 1/r„.

C. Nonlocal Solutions

100 I I III I I I Il I I I Il I I ll

IO

g„=(N,/~„) f, X, (p, z)d'~, (36)

g„=(N, /~, „)f g,(p, z)d'r, (37)

where V is the volume of the crystal. Defining g,
=—n, I, /(N, /r, ), it can be shown for an infinite half-
plane that

z„(g, ) = (N, /~„)(vp', /2n, ) f du f '
dv y, (uvg, )/uv,

(38)

with a similar expression for Z„(g,) obtained by re-
placing N, /T„by N, /~, „and )f, by )fo. The integrands
are functions of the product uvg„and the compli-
cated nature of the expressions involved makes it
difficult to express &„and &, in closed form.

For comparison of the model calculations with

photoluminescence saturation experiments, both the
integrand and integral are calculated numerically
using a computer. Each set of the parameters
(s, q, r, w) results in two theoretical saturation
curves 2„(g,) and 2„(g,), which can be compared
with the experimental measurements to obtain the
important G„,parameter (see Sec. V). In Fig. 3
we show the normalized luminescence L„=Z„(7„/N, )
x (2n, /vpo) for q = 0. 01, x = 1, w = 1 with s as a vari-
able parameter. For s not close to unity we find
that L„ is essentially independent of r. It should

be noted that the inclusion of spatial effects makes
the saturation curve vary much more slowly than in
the local case (compare Figs. 2 and 3). For elec-
troluminescent saturation' the luminescence varies

The local saturation behavior can be observed
only in the case of excitation uniform throughout
the crystal. In practice, the excitation is highly
nonuniform owing to the absorption process. An
additional complicating feature of laser excitation
is the Gaussian beam shape. For laser photoexci-
tation, the number of electron-hole pairs generated
per unit volume per second can be expressed at any
point (p, z) within the crystal as

G = n, I,exp( —n, z —2p'/p', ).
Here I, is the laser excitation flux witkin the crys-
tal at the surface in units of photons cm sec ', p is
the radial coordinate normal to the optical axis of
the beam, po is the Gaussian beam half-width, and

n, is the absorption coefficient. The local filling
fractions y, and llo can be found in terms of g = G/
(N, /7, ) for a.ny excitation level from Eqs. (13) and

(21). The total luminescence L emitted from the
crystal is then

oz
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FIG. 3. The nonlocal normalized luminescence I „
and I.;, corresponding to the values used in Fig. 2.

logarithmically with excitation due to the one-di-
mensional exponential falloff of the injection. The
additional Gaussian radial falloff of the laser exci-
tation in photoluminescence experiments gives rise
to a log-squared behavior. We point out that our
analysis neglects diffusion of minority carriers,
but gives the complete three-dimensional spatial
dependence'9 when 1/n, and po are larger than the
diffusion length.

D. Determination of Deep Concentrations

We now wish to show, on the basis of the previous
discussion, that the branching ratios s and q and the
concentrations N, and No can be determined from a
series of five measurements: (i) impurity absorp-
tion below the band gap, (ii) internal photolumines-
cence quantum efficiency for below-band-gap excita-
tion, (iii) internal photoluminescence quantum effi-
ciency for above-band-gap excitation, (iv) photolu-
minescence saturation, and (v) decay time of lumi-
nescence.

A typical optical absorption curve for GaP(Zn, 0)
is shown in Fig. 4. Two absorption bands are ob-
served for excitation below the band gap. Excita-
tion at room temperature near the peak of the lower
energy band (hv= l. 35 eV) results in infrared lu-
minescence characteristic of recombination at oxy-
gen sites. This implies that the ionized 0 level iri

the P-type material is photoneutralized by electrons
elevated from the valence band by the exciting ra-
diation. Likewise, when the excitation lies in the
higher energy band (hv = l. 8 eV) red luminescence
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I/rqg, = 1/7t+(I fo) i/Nt 7' (40)
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FIG. 4. A typical absorption spectrum at 300'K for
GaP(Zn, O) doped with 0.07 mol% Zn, 0.02 mol% Ga203.
The maxima at energies E& and E2 correspond to absorp-
tion by Zn-0 and 0 centers, respectively, as indicated
in the inset. Also shown are the shapes of the individual
impurity absorption curves as determined from photo-
luminescence excitation measurements. These curves
are in relative units and do not represent the partial
absorption coefficients of the two processes.

(Po+P )» No~rp~/r

(po+po) ~N~ru~ (I/so+ n, /N', 7.„,).
(39)

Under these conditions, with s «1 (a practically
important limit) we obtain from Eqs. (15), (20),
and (32) of Ref. 5 the result

characteristic of radiative recombination at Zn-0
centers is observed. In this case the absorbed ra-
diation can result in the creation of both bound-ex-
citon and bare-electron states at Zn-0 sites.
(Elaboration of this point is made in Appendix B.)
It is possible to measure the efficiencies of the
below-gap excited red and infrared luminescence
q„and g&, if the amount of absorbed excitation can
be calculated. This requires determining the ab-
sorption coefficients for the two bands, i.e. , mak-
ing measurement (i). Measurements (ii) and (iii)
then determine s through the relation [recall Eqs.
(27) and (30)] q'„/q„=s. With s determined, the ratio
N, /r, can be found from G„,[measurement (iv) ] if
w is known [see Eq. (32)]. The quantity w can be
calculated from Eq. (18) if the trap level E„ the
cross section O„„and the lifetime 7-, are known.
In Sec. V we show (for T= 300'K) that for GaP(Zn,
0) E, =O. 230 eV and o„,= 2. 0&&10 "cm'. In most
cases we also have fo«1. Thus, it v, can be de-
termined, w is obtained from Eq. (18), and N, is
determined from Eq. (32). We showed in a previous
paper' that the total lifetime 7, is related to the
luminescence decay time v», in a. simple way un-
der the conditions

Equation (40) shows that r&~, is shortened with re-
spect to 7, by thermalization and subsequent re-
combination through the nonsaturable path. (The
difference between v&~, and 7, was illustrated in
Fig. 3 of Ref. 5. ) Clearly, if s=1, thermalization
can have very little effect on the decay time, since
all thermalized carriers are ultimately recaptured
by the Zn-0 centers during the course of the decay.
(Our model neglects the effects of trapping centers
in lengthening the decay time over r, even if s = 1. )

Consequently, in the low-excitation limit we can
include the effect of s on the decay time by multiply-

ing the second term in Eq. (40) by (1 —s). Thus,
the generalized decay time under the conditions of
Eq. (39) is given by

'

1/r, g, = I/r, + (1 —s)(1 fo)n, /N—
g T„g . (41)

Since all parameters in the second term of Eq. (41)
are determined as described earlier, 7., is immedi-
ately obtained from the decay time [measurement
(v)]. [Also note G„,= (vo„, ~ r, &,)

'. ]
For oxygen we determine q from efficiency data

through Eqs. (28) and (29) with s and w obtained as
described above. The dependence of the infrared
luminescence saturation on material parameters
can be found from Eqs. (21) and (31). We find that
the infrared luminescence saturates at a value G„,
= (No/voq) [ws+(1- s)]. In the absence of thermal-
ization out of oxygen the decay time of the infrared
luminescence is just the total lifetime vo. Hence,
No is determined from efficiency, saturation, and
decay-time measurements using the above relation.

III. MEASUREMENT OF INTERNAL QUANTUM
EFFICIENCY

Measurement of the internal quantum efficiencies
of the red and infrared luminescence is essential in
determining the concentrations of Zn-0 complexes
(N, ) and oxygen donors (No) as well as the param-
eters s and q. In Appendix C we show that the in-
ternal efficiencies can be determined by measure-
ment of the surface radiance on samples with paral-
lel plane geometry. The method considered is sim-
ilar to that used by Vilms and Spicer' for near-
band-gap luminescence in GaAs. Since the absorp-
tion coefficients for the red and infrared lumines-
cence in GaP are relatively small, we include in
our analysis the added complication of multiple in-
ternal reflections of the luminescence. In addition,
we distinguish between situations where the exciting
photons have energies below or above the band gap.

A. Above-Band-Gap Excitation

The geometry used in above-band-gap radiance
measurements is shown in Fig. 5. The semi-infi-
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FRONT
SURFACE

FIG. 5. Geometry used in above-gap radiance mea-
surement. Luminescence fal1ing in the receiver cone
dG originates from the internal solid angle dQ' as dis-
cussed in the text.

nite sample of thickness d and index of refraction
n lies normal to the z axis, Uniform excitation in-
cident on the front surface (z = 0) generates the lu-
minescence which is observed on the back surface
(z =d). To calculate the radiance 6t, (in units of
photons/sec cmzsr) we consider the external lumi-
nescence coming from a small area 44 on the back
surface and lying in a small solid angle dG whose
axis makes an angle 8 with the sample normal. As
shown in Fig. 5, the external luminescence has its
origin in the internal solid angle dA' = [cos(8)/
nz cos8'] dQ which includes the effects of multiple

reflections from the front and back specular sur-
faces. We show in Appendix C that in the limit
where surface recombination does not dominate,
the radiance 6tq is given by [Eq. (C6)]

(1 —R,) cos8
+e —4„„2 g a

g)

exp(- o.'d/cos8')
1 —R&.exp(- 2ad/cos8'I

dE(I —R', ,)

(42)

Here 8, and I, are, respectively, the reflection
coefficient and intensity of the above-band-gap ex-
citation; Be. and e are, respectively, the reflec-
tion coefficient and absorption coefficient of the ra-
diation emitted at photon energy F- in the band

(E„Zz); n is the refractive index of the medium;
and q'(E) is the incremental internal quantum effi-
ciency at energy Z.

To determine the radiance experimentally a sub-
stitutional technique is used. The photon flux through
cR measured by the detector is

C = 2& f stesin8d8, (43)

where Oo is the maximum angle subtended by the
detector input cone. For small Ho we can approxi-

B. Below-Band-Gap Excitation

When the energies of the exciting photons lie be-
low the band gap no free electrons are created, and
hence minority carrier diffusion is absent. In this
case the spatial dependence of the luminescence is
just that of the excitation G,(z), and the constant of
proportionality is the below-gap internal efficiency,
i.e. ,

f(z, E) = n'(E)Gg(z) (46)

For this situation the absorption coefficient n~ of
the below-gap excitation is low and multiple reflec-
tions become important. It is easy to show that
G,(z) has the form

G~(z) = (1 —R~)@~I~(e "b'+R~e &
"—~')

x (1 Ra -z~q&)-& (46)

where R, and 1~ are the reflection coefficient and
incident intensity, respectively, of the excitation.
It is a simple matter to use Eqs. (45) and (46) to
derive an equation for this case analogous to Eq.
(42). From an experimental point of view, how-
ever, it is not practical to measure the radiance
using the geometry of Fig. 5, since the transmitted
excitation cannot be wholly removed by filtering.
An alternative geometry used for below-band-gap
excitation is shown in Fig. 6. In the arrangement
shown, the sample acts as a point-source emitter,
since its dimensions are small compared with the
distance to the detector. The signal measured by
the detector is not proportional to the radiance of a
small area of the sample surface as in the previous
case, but is rather a measure of the total external
quantum efficiency. Since the sample behaves as a
point source, the detected power is independent of
the spatial distribution of the luminescence within
the crystal and is simply proportional to the inter-
nal efficiency and the absorbed excitation. Thus,
the ratio of the signals measured for below- and
above-band-gap excitation is given by

mate Eq. (43) by

C'= &~oRo

where (Ro is the radiance measured normal to the
sample surface. If a standard radiance source (R~

is substituted for Ro in the same geometry, then
we measure C z=7/8o(Rz so that sto=Gtz(O/C &). The
total internal quantum efficiency for the luminescent
band

q'=- j q'(E) dz

may then be obtained from Eq. (42) by taking 8=8'
= 0 and using average values (with respect to E) for
& and the reflection coefficient.
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(4'7)

Measurement of this ratio in the geometry of Fig. 6
determines p in terms of p', and the latter quanti-
ty is determined by measurement of (Ro in the geom-
etry of Fig. 5.

It is important to note that the absorption coeffi-
cient o.'~ used in Eq. (46) is not the total absorption
coefficient as determined by a transmission mea-
surement. Rather, it is the partial coefficient due
to the creation of N', -type states in the case of the
Zn-0 complex, or No -type states for the oxygen
donor. To obtain &, we must separate the total ab-
sorption coefficient into its various components.
This will be discussed further in Sec. V.
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IV. SPECTRAL SHAPES OF RED AND INFRARED
LUMINESCENCE BANDS

1.5 I.7 I.9

To determine the over-all internal quantum effi-
ciency for recombination at Zn-0 or 0 centers it is
necessary to properly perform the integration over
the emission bands associated with recombination
at these centers [see Eq. (42)I. Thus it is impor-
tant to accurately determine the spectral shapes of
the luminescence associated with Zn-0 and 0 cen-
ters. This is a difficult problem at room tempera-
ture because of the considerable overlap between
the two emission bands. As shown in Fig. 7 the
two bands, which are distinctly separate at lower
temperatures, become merged above 200 'K. The
overlap results, to a large degree, from the unusu-
al variation with temperature of the infrared emis-
sion. While the position of the maximum of the red
band follows the band-gap shift with temperature,
the maximum of the infrared band increases with

EXC I TAT I 0N

SAMPLE

DE TECTOR

FIG. 6. Geometry used in measuring the below-gap
internal quantum efficiency. The luminescence is de-
tected at right angles to the incident beam direction to
minimize interference by the excitation. The distance
between sample and detector is large compared with the
sample dimensions so that it acts as a point-source
emitter.

PHOTON ENERGY (eV)

FIG. 7. Temperature dependence of photoluminescence
spectra from as-grown GaP(Zn, 0) doped with 0.07 mol%
Zn and 0.02 mol% Ga&03. The zero of each curve has
been shifted for clarity. Each curve has been corrected
for grating and detector response.

increasing temperature above 80 'K. In addition,
both bands show broadening on both the low- and
high-energy sides of the peaks, due to increased
phonon cooperation at the higher temperatures.

The spectral shape of the infrared luminescence
due only to recombination at oxygen donors can be
determined by exciting the crystal with appropriate
below-band-gap radiation. As seen from the im-
purity absorption spectrum shown in Fig. 4, the
infrared luminescence can be preferentially excited
by radiation at hp= 1.85 eV. The resulting room-
temperature emission is shown in Fig. 8(a). At
room temperature the infrared band has a high-en-
ergy threshold of 1.63 eV, peaks at 1.36 eV, and
exhibits a very long low-energy tail extending to
0. 89 eV.

The difficulty in achieving a unique separation of
the two luminescence bands arises from the pos-
sibility that the red emission also has a long low-
energy tail that extends appreciably into the spec-
tral region where the infrared luminescence peaks. '
The red luminescence cannot be excited preferen-
tially because the absorption band for direct photo-
excitation of the Zn-0 level is overlapped entirely
by the absorption band for oxygen (see Fig. 4). It
is possible, however, to separate the two radiative
processes by means of time-decay measurements,
since the excitonic red emission decays much more
rapidly than the infrared pair emission. By deter-
mining the relative strengths of the fast and slow
decaying components of the above-gap excited emis-
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FIG. 8. Boom-temperature spectral shapes of radi-
ative recombination originating at (a) oxygen donors and
{b) zinc-oxygen complexes in. GaP(Zn, 0).

slo11 1ll tile 1'allge wllel'e tile ballds ovel'lap (l.4 & II v

& l. 5 eV), it is possible" to deduce what fraction of
the total luminescence in this spectral range results
from recombination at oxygen. By subtracting this
fraction of the infrared band from the total emission
we obtain the spectral shape of the Zn-Q recombina-
tion band. This is shown in Fig. 8(b). A compari-
son of Figs. 8(a) and 8(b) reveals that the Zn-0 re-
combination does in fact have a long tail on the low-

energy side which extends well into the infrared
emission xegion. The other features of the red
band shown in Fig. 8(b), i.e. , the peak position and

high-energy threshold, are in essential agreement
with previous work.

V. RESULTS

In this section we consider several different kinds
of experimental information concerning Gap(Zn, 0)
and present a semiquantitative self-consistent inter-
pretation of the results in terms of the three-path
recombination model formulated in Sec. II. In par-
ticular, we wish to evaluate the following data for
the red luminescence: (i) temperature dependence
of 7I~„(ii) temperature dependence of II"„, (iii) Zn

concentration dependence of 7&«measured at
300 'K, and (iv) Zn concentration dependence of
q'„measured at 300'K. For each of these catego-
ries we wish to explain the absolute as well as the
relative magnitudes of the parameters. The inter-
pretation of the above experiments requires some

minor modifications of our earlier work' in which
we fitted the temperature dependence of 7,«. In
achieving that fit the magnitude (CI„) and tempera-
ture variation (m) of the hole capture cross section
0&~ were varied, where

(48)

All other parameters entering into the calculation,
such as the radiative and nonradiative lifetimes

y„, and 7,„, mere fixed at their known
values or at values obtained from reasonable theo-
retical estimates. In particular, the nonradiative
lifetimes y„„and z,„due to the Auger processes
were taken to be of the form

1/~„=alp,

1/~, „=CP'.

(49)

(80)

The ratio &/C was then selected to agree with its
calculated value, and B was adjusted to give agree-
ment with the measured value of q~ in crystals for
which N„—N~= lx1018 cm ', i.e. , II„'=0.10. (The
experimental determination of q„ is discussed be-
low. )

In the present work we show that the temperature
dependence of 0~, is determined almost entirely
from plasma screening of the Coulomb binding po-
tential by free holes. In addition, we include the
effects of screening on the excitonic hole binding
energy EI, , the excitonic Auger coefficient B, and
the excitonic radiative lifetime T,„. In order to ob-
tain agreement between the recombination model
mith screening included and the four categories of
experimental data outlined above, we have at our
disposal four adjustable parameters, i.e. , B, C,
0„,, and F-,. We use a self-consistent iterative ap-
proach in which the previous results' for B and C,
determined from the temperature dependence of
7I&, (which is essentially independent of a„, and Z,
below 300 K), are used as starting values in fitting
0„, and F-, to the remaining three categories of data
[(ii)- (iv) ]. The iteration proceeds through slight
adjustments of the parameters until self-consistency
is achieved. It should be noted that there is, on the
average, one adjustable pax'ameter for each inde-
pendent set of experimental data. It is possible,
therefore, to find values of the parameters that give
good fits to the temperature dependence of w&«
without correctly explaining its doping dependence.
Likewise, regions of parameter space that success-
fully fit the doping dependence of z,«do not neces-
sarily give fits to the doping dependence of q'„. In
our self-consistent approach, the final values of
the parameters are therefore a compromise between
the various sets of data to be explained. Within the
constraints of the model calculation, the final self-
consistent fit is unique.
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FIG. 10. Calculated plots of 1/se —1 [the right-hand
side of Eq. (56)] for three values of the binding energy
E&. The open circles have been calculated, using the
left-hand side of Eq. (56) with b„=0.5, from below-gap
red efficiency data for a crystal with Np —ND = 2X10"
cm

FIG. 12. Above-gap internal quantum efficiency of the
red luminescence as a function of acceptor concentration
assuming N&=1&&10" cm . The curves were calculated
for two values of constant s and one value of constant
~„using the values of parameters given in Table I. The
7„=60-nsec curve assumes 1/() of the acceptors form
Zn-0 complexes. The data points represent the average
of five crystals measured for each value of N~.
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FIG. 11. Red luminescence decay time as a function
of net acceptor concentration calculated for three values
of constant s and one value of constant ~„using the values
of parameters given in Table I. The s =1 curve cor-
responds to the total lifetime v& [see Eq. (41)). The 7„
=30-nsec curve assumes 1% of the acceptors form Zn-0
complexes (Tables II and III). The data points are from
Ref. 28.

(1 —s) (b„/ri, —1) = vo„,N, T,p~s (66)

From this result we expect q„" to quench rapidly
with temperature when the right-hand side of Eq.

—No for T= 300'K (see Fig. 11); (v) q'„versu s
N„—No for T= 300'K (see Fig. 12). A best fit to
these data is obtained for 80 = 5. 0&& 10 ' cm sec
C=2. 5&&10 cm sec ', cr«=2. 0&&10 ' cm, arid

F. , = 0. 23 eV. A summary of the parameters used
in making the model calculations is given in Table I.

The parameters 80 and C are determined pri-
marily by the fit to the temperature dependence of
the decay time. In varying these parameters from
the values used in our previous calculation' we
have maintained essential agreement between the
calculated and experimental values of 7', &, versus
T as given in Fig. 2 of Ref. 5. In order to achieve
agreement in the range 200 ~ T ~ 300 'K it is nec-
essary to calculate r, &, from Eq. (41), using a
value of s = 0. 6. As will be shown below (see Ta-
bles II and III), this is a reasonable choice for so-
lution-grown crystals of Gap(Zn, 0) in which N„
—ND = 10' cm

The parameters cr„, and E, are most sensitive to
the fit of the temperature dependence of the below-
gap efficiency q„'. Combining Eqs. (18) and (30),
we find that
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TABLE I. Parameters used in performing model
calculations for GaP(Zn, 0).

Zn-0 electron trap level (300 K)

Exciton hole ionization energy

Zn acceptor ionization energy

Exciton radiative lifetime

Zn-0 electron trap capture cross
section

Zn-0 hole trap capture cross
section

Auger B coefficient
[Eqs. (49) and (52)]

Auger C coefficient
[Eq. (52)]

Valence-band effective mass

Conduction-band effective mass

Zn-0 bare-electron degeneracy
factor

Zn-0 hole degeneracy factor

Et = 0. 230 eV

Ef,——0 ~ 036 eV

Eg =0.064-3 x10 8Ng~ 3eV

=0.100 p, sec

O„t =2. 0 x10

= 3.6 x 10 "T-' cm'pt

Bp:5 x 10 cm /sec

C=2. 5x10 cm /sec

m*„=0.92 x (free-electron
mass)

m ~
= 0.35 x (free-electron

mass)

P t-2

(56) is greater than unity. This thermal quenching
of p„will occur below room temperature for crys-
tals with a. low net acceptor concentration (i. e. , a
low value of P), since in this case r, is lengthened
by the increased Auger lifetimes [Eqs. (49) and

(50)]. We have measured g» versus T in crystals
for which N„-N~=2~10' cm and find that the
efficiency decreases by approximately a factor of
4 as the temperature is raised from 220 to 270 K.
We have used these data in plotting the left-hand
side of Eq. (56) in Fig. 10 and have made use of the
fact that for N„- N~ = 2&&10' cm b„ is essentially
temperature independent in the range 220-270 'K,
i. e. , b„=0.5 (see Fig. 13). In comparing the
model calculation with the experimental points in
Fig. 10, we have constrained the calculated curves
to give (I/»» —1) = 10. 1 at 300 'K in order to pre-
serve the self-consistent fits to the remaining cate-
gories of data taken at room temperature [i.e. ,
categories (ii), (iv), and (v) listed above]. As
shown in Fig. 10, the best fit under this constraint
is achieved for E, =O. 23+0. 02 eV. The correspond-
ing value for the cross section is 0.„,= 2'0'7&10 '
cm .

The calculated dependence of v, &, with doping is
shown in Fig. 11. The decay time at any value of
N„—Nnis required to lie between the lower (s= 0)
and upper (s = 1) curves. The upper (s = 1) curve
gives the doping dependence of the total lifetime v,
[see Eq. (41)]. It follows a power-law dependence
with exponent slightly greater than unity, resulting
from the combination of linear and quadratic Auger
lifetimes 7'„„and v,„[Eqs. (49) and (50)]. The s =0
curve displays the greater relative importance of
thermalization at lower doping. For low values of
N„—ND the total lifetime v', of trapped electrons on
Zn-0 complexes becomes long, since with both,
radiative and nonradiative lifetimes are lengthened.
Thus, an electron can, in effect, wait sufficiently
long in a bare-electron state for thermalization
into the conduction band to occur. This is reflected
in the lower value of the branching ratio u at low
N„—ND (see Fig. 13). The data shown in Fig. 11
were obtained by Hackett and Bhargava ' on an-
nealed crystals (600'C for 5h) of GaP(Zn, o). We
obtain an excellent fit to their results by assuming
a constant value of s =0. 7 over the full range of
N~ —ND. For comparison, a plot of v, «versus
N„-ND assuming a constant 7„=30nsec is also
shown. The constant v„curve has been calculated
assuming that the Zn-0 complex concentration is
proportional to N„. The constancy of s with N&
—ND implied by the data suggests that the shunt-path
lifetime 7„ is inversely proportional to the Zn con-
centration [see Eq. (15)].

The constancy of s with doping is also suggested
by the above-band-gap efficiency data shown in
Fig. 12. At each concentration N~ the internal ef-
ficiency p'„was measured for approximately five
unannealed solution-grown crystals. The error
bars indicate the spread in results. As with the
time-decay data, the measured efficiencies are
better fit by constant s curves rather than constant
7„curves. The calculated plot for 7„=60 nsec im-
plies that higher quantum efficiencies are possible
if the 7„path can be controlled with doping. The
rapid quenching of the efficiency at high Zn con-
centrations results from a simultaneous shortening
of r, (Fig. 11) and a decrease in f» which quenches
b„as the hole concentration is raised. The quench-
ing of b„with doping is only partially offset by an

TABLE II. Results of the five measurements discussed in Sec. II D for crystal MS 80725-0,

As grown 5.4 1.8 7. 1
9.5

n'„(%) n; (%) n„' (%) g(, (%)

0.39
0.13

0.76 0.027
0.57 0.098

X,(cm-')

3.9x1p"
2. 9x10"

X,(cm ')

2. 5 x10"
7.6 x 10"

0.„()(cm )

5. 5xlp "
6. 5 x 10

T„(nse.)

46
30

Annealed 5.0 0.77 6. 9
9.2

0.39
0.13

0.72 0.012
0.54 0.043

7.5 xlp
4.7 x 10

1.1 x10
3.1 x10"

1.1x1p "
1.2 x10

18
14

Annealing was performed at 600 oC for 5 h.
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TABLE III, Results of model calculation combined with efficiency and saturation data for several solution-grown

Gap crystals grown from a melt containing 0.07 mol% Zn and 0.02 mol% Ga203.

Crystal

As grown

MS 80725-1

q'„Po)

2. 5 0.45
0.13
0.39

q';, (%) 7];, (%)
'

0.34
0.029
0.009

N&(cm )

2. 5 x 10

No(cm )

L. 2 x 10 7-

3.8 x 10"

@no(cm

1.4xlp

T„(nsec)

11
10

MS 80305-0

MS 80725-13

MS 80725-7

3.5

4. 2

6. 1

0.75

1.2

1.8

Q. 13
Q. 39

0. 13
0.39

Q. 13
0.39

0.44

0.50

0.65

0.045
0.015

0.069
0.022

0.092
0.029

1.4x 10'6

l. 2x10~6

l. 7 x 10"

'?. 2 x 10"
(). 8 x10'

'&, Q x 10
6.4 x 10' '

1.2x lp"
8 xlp

6. 5 x 10

8.3xlp "

8.5xlp "

31
29

48

Annealed

MS 80725-1

MS 80305-0

MS 80725-13

2. 8

5 Q

0.30

0.60

0. 90

0. 13
0.39

0. 13

0. 13

0.48

0.57

0.019
0.006

0.035
Q. 011

0.049
P. 016

4 x lpj6

8. 6 x 1Q'6

3.4 x lp"
&. 1 x lp"

l. 0 x 10'
3. 1 x 1Q'

9.2xlp

7.3 xlp

5.3& 10 "

5, 2

5 ~ 1

4. 3

)5

MS 80725-7 5.6 0.90
0. 13
Q. 39 0.61

0 047 . i6
0.015

2. 8 x 10"
8. 9x 10" 1.8xlp j8 14

'The two values listed in curly brackets correspond to taking the lower and upper bounds, respectively, of g'„using
the values obtained for crystal MS 80725-0 (see Table II).

increase in m (see Fig. 13). The constant s falloff
of g'„at lower doping levels results from the rapid
decrease in se with decreasing N„—ND which domi-
nates over the more slowly va, rying b„[see Eq.
(27)].

C. Internal Efficiency and Saturation

The above-gap excited internal quantum efficien-
cies of the red and infrared luminescence have been
measured for a number of crystals of GaP(Zn, 0).
The variation of the red efficiency p'„with doping
has been discussed with reference to Fig. 12. We
have also observed a correlation bete een g'„and
p'„ for these samples, i. e. , a low infrared efficiency
generally implies a low red efficiency and vice
versa. This correlation suggests that the shunt

path (the r„path of Fig. 1) is the major va, riable
factor influencing the efficiency at constant doping
levels. We also find that there appears to be little
or no correlation between the amount of oxygen
doping and the efficiencies g'„and 'O'„. From this
observation we conclude that the incorporation of
oxygen into the GaP lattice during solution growth
is uncontrolled. '

Of the crystals studied only one (MS 80725-0)
was of sufficient thickness and optical quality for
determination of the partial absorption coefficients

for Zn-0 and O. For this crystal the five mea-
surements listed in Sec. II D have been performed,
and the results (to be discussed in detail below) are
summarized in Table II. We have also measured
the above-gap efficiencies q'„and q'„and the satura-
tion of the red and infrared luminescence in four
additional samples (see Table III) all with net ac-
ceptor concentration N& —ND = 1.3 0& 10ie cm-3. For
all five crystals we choose go = 0. 44 in agreement
with the model calculation for this doping level
(see Fig. 13). In obtaining s from g„' for those
samples listed in Table III we have used a calcu-
lated value of b„=0. 14 in the relation s = I/[I + w

&&(b„/t)„' —1)] [Eq. (27)]. To determine q for these
samples we have assumed that q', , [or b, , ; see Eq.
(29)] is the same for all crystals and have used
upper and lower bounds corresponding to those mea-
sured for MS 80725-0. The concentrations N, and
No have been calculated for the samples in Table
III from the fit to the saturation data (to be de-
scribed below) using a calculated lifetime v~ =0; 24
]U.sec and a measured lifetime so= 10 p, sec. '

At this point we discuss more fully the details of
the measurement of g~ and g„and the fit to the sat-
uration data. Discussion of the values obtained for
the concentrations, capture cross sections, and
minority carrier lifetime shown in Tables II and
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FIG. 13. Calculated dependence of so, b„, and fo on
the net acceptor concentration using the values of param-
eters given in Table I.

NORMALIZED EXCITATION g~
Co)

III is given in Sec. VD. To determine g„' and q,',
it is necessary to extract from the total optical ab-
sorption the partial absorption coefficients due to
Zn-0 and 0 impurities [recall Eqs. (46) and (47)].
Although these centers produce definite structure
in the absorption spectra, there is difficulty in sep-
arating the known shapes of the individual bands
from the background absorption. For example, in
Fig. 4 the process responsible for absorption in the
range 1.2-1.4 eV is expected to give a, nonzero ab-
sorption coefficient when extrapolated into the re-
gion of oxygen absorption. Possible contributions
to this background absorption will be discussed in
a, separate paper. In obtaining the values of the
below-gap efficiencies given in Table II, we have
extrapolated the background in two different ways,
thus giving upper and lower bounds for q"„and g~„.
We expect the true values of the parameters in Ta-
bles II and III to lie between the values listed and
probably closer to the lower bound of g,', . '

A typical set of saturation data is shown in Fig.
14. The data were taken using the focused 4880-A
output of an Ar' ion laser operating in the TEMpp
mode. To minimize heating, the samples were im-
mersed in a water bath. From a thermal analysis
of the experimental geometry we estimate that the
temperature rise of the sample is at most 5 C
above the bath temperature. The theoretical curves
L„(g,) and 1,„(g,) are obtained from the calculations
discussed in Sec. II [recall Eqs. (35)-(38)]and are
generated from the known values of 8, q, and su for
the crystal at hand. The experimental points are
plotted versus the volume generation rate at the

INCIDENT EXCITATION INTENSITY Ie (PHOTONS ClTl SeC )
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NORMALIZED EXCITATION ge
(b)

FIG. 14. Representative set of saturation data showing
fit to calculated curves of L „and L&~ versus normalized
excitation g~. (a) The red saturation data. a.re fitted to
the L„curve, which is independent of the parameter x.
This determines the ratio I~/g~. (b) Under this con-
straint the r curve of L;, versus g~ is found which best
fits the infrared saturation data. The ra. tios N&/T& and
+0/~0 are determined from I~/g~ and ~ as explained in
the text.
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surface c(,I, [Eq. (35)j. The laser excitation flux

I, can be related to the total laser output P, (pho-

tons/sec) by integrating Eq. (35) over the infinite
half-plane, viz. , I, =2P, /7(I}(} T.he half-width p(} is
determined by monitoring the laser power as a
knife edge is moved through the beam at known po-
sitions. The output-versus-edge position follows

an error-function dependence from which po can be
extracted. By matching the experimental points
for the red luminescence to the theoretical satura-
tion curve (both given as log-log plots), the ratio
o(g, /g, is obtained. Such a, fit is shown in Fig.
14(a). The Zn-0 concentration is thus determined

by N, = 7', o(, I,/II, . For the sample of Table II we

have calculated v, from a measured value of 7&~,
=0. 23 L(sec for the red luminescence (both as-grown
and annealed) using Eq. (41) and the values of s
shown. For the samples of Table III we use the
calculated value 7', = 0. 24 p. sec. The absorption
coefficient is n, =10 cm"'. '~ With the ratio of the
abscissas o(, l,/g, of the calculated and experimen-
tal plots constrained by the fit to the red saturation
data, the infrared data are matched with the x curve
which gives the best fit. This fit is shown in Fig.
14(b). The 0 concentration is then determined by

NG = vGn, I,/g, x. For the samples of Tables II and

III we use a measured infrared decay time of wo

=10 psec.
D. Discussion of Results

For the five crystals listed in Tables II and III,
results have been obtained both in the as-grown
state and after annealing for 5 h at 600 'C. We note
that in as-grown material the substitutional oxygen
concentration is of order 10'~ cm ', and the Zn-0
concentration is (1.0-4. 0) && 10'scm '. This value
for oxygen is somewhat higher than found by other
workers in solution-grown material, ' whereas the
Zn-0 concentration is comparable to that estimated
elsewhere. ' A large fraction of the minority car-
rier recombination (as measured by s) proceeds
via the Zn-0 center, up to 80% inonecase. Ahigh
s value is associated primarily with a long shunt
path lifetime T„, the latter ranging from 5 to 70
nsec. This corresponds to electron diffusion lengths
in the range 1-4 p, , which is in agreement; with other
work. '" The low infrared efficiency results from
a very low capture cross section for oxygen o„o
-10 "cm' two orders of magnitude smaller than the
capture cross section for Zn-Q. The small value
of 0„0 is probably a consequence of the fact that the
first excited state of the oxygen impurity is -0. 85
eV above the ground state. ' Hence, phonon cas-
cade" into the ground state is blocked by the large
energy step required for the transition between the
two lowest levels of the oxygen donor. Since the
Zn-0 state is shallower than the 0 ground state,

Z

o 6

(h

ie+4
0
LLJ

UJ
R
Z

2
z

0
2 6

Z„(AS GROWN}/r„(ANNEALEO}
8

FIG. 15. Correlation between the increase in Zn-0
concentration and the decrease in shunt path lifetime
upon annealing.

such a large energy step is not required, making a
larger cross section more likely.

Annealing is seen to increase the Zn-0 concen-
tration (through the promotion of ion pairing)
typically by a factor of 3-5. However, s and the
red internal efficiency p„ typically increase only

by 20P/o, and in two cases actually decrease with
annealing (e. g. , MS 80725-0 and MS 80725-7).
This is explained by noting the drastic decrease in
t„with annealing —by over a factor of 7 in the case
of MS 80305-0. Since the recombination mechanism
associated with ~„ is unknown, no explanation for
its decrease with annealing is available. Empiri-
cally it should be noted, however, that the decreases
in T„with annealing correlate with the increases in

N, . This is illustrated in the data of Fig. 15.
For three out of the five crystals investigated in

Tables II and III the substitutional oxygen concen-
tration increases with annealing. Since some of the

oxygen is presumably associated with additional
Zn-0 pairs, an increase in 0 concentration implies
a source of nonsubstitutional oxygen in the crystal,
e. g. , on interstitial sites or as Ga~03 precipi-
tates. ' Futhermore, for those samples in which

No decreased, the magnitude of the decrease is not
accounted for by the concentration of additional
Zn-0 pairs. The mechanism for the change in sub-
stitutional oxygen with annealing is, therefore, not
understood, but presumably involves the background
oxygen in the lattice. In corroboration of the sat-
uration results, we show in Fig. 16 the effects of
annealing on the absorption coefficient of MS
80725-0. Even without separating the partial ab-
sorption coefficients for Zn-0 and 0, it is evident
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from Fig. 16 that the absorption maximum due to
oxygen (at 1.75 eV) is decreased upon annealing,
while that due to Zn-0 (at 2. 13eV) increases in
agreement with the data of Tables II and III.

Finally, we note that changes in v', «, p„', 'Q„, and
g„upon annealing" can be understood on the basis
of comparable changes in the s branching ratio,
which enters crucially in the formulas for these pa-
rameters [Eqs. (27), (28), (30), and (41)]. Large
changes in s can result from either large changes
in the Zn-0 complex concentration, or from changes
in the shunt path lifetime 7'„. In this work, how-
ever, we find these effects are offsetting in going
from the as-grown to the annealed state, resulting
in only slight changes in s.

VI. DISCUSSION AND CONCLUSIONS
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FIG. 16. The effect of annealing on the absorption
spectrum of GaP(Zn, O). The decrease in 0 absorption
and the increase in Zn-0 absorption (cf. Fig. 4) are in
agreement with the saturation results shown in Table II.

The results of Sec. V indicate that the room-tem-
perature red internal quantum efficiency of GaP-
(Zn-0) is limited primarily by the two Auger life-
times r„„adnr,„[E sq. (49) and (50)] and by ther-
malization of trapped electrons from Zn-0 sites
into the conduction band. As shown in Fig. 13, at
high net acceptor concentrations the efficiency is
limited by the falloff in b„[rec all Eq. (27)], while
at low acceptor concentrations the efficiency is
limited by sv. The importance of the bare Auger
lifetime 7.,„at high N„—ND stems from the lowered
value of o~, due to plasma screening by the free
holes. This acts to lower the fraction fo of exciton-
occupied Zn-0 sites. With fo small, a greater
fraction of recombination traffic through Zn-0 sites
involves the bare electron states N, for which the

FIG. 17. Calculated improvement of red above-gap
internal quantum efficiency by compensation for material
in which Nz ——2 &10' cm . The curves were generated
using the values of parameters given in Table I.

Auger lifetime is v, „.
For material in which thermalization is unim-

portant, i. e. , in which s is near unity [recall Eq.
(27)], we expect to be able to improve the red ef-
ficiency p„' by lowering N~ —ND through compensa-
tion and, as a consequence, reduce the Auger pro-
cesses. In Fig. 17 we show the ca.lcula. ted effects
of compensation on crystals for which N„=- 2&& 10'
cm . Large gains in efficiency are obtained only
for s values near unity and for high compensation
ratios. An ultimate efficiency of 10070 is possible
only for s =1 at complete compensation. For the
samples studied in this work we find an upper bound
of s =0. 8, which implies a possible bulk internal
efficiency of approximately 20%. More typically,
we find for N, = 5&&10 cm a value of s=0. 5 cor-
responding to v„=10nsec, for which g'„can be maxi-
mized by compensation to 10% (Fig. 17). To in-
crease I)'„to 25% corresponding to s =0. 9, we must
increase either w„or N, by an order of magnitude.
To gain an internal efficiency of up to 40% (s =0. 97
in Fig. 17) we must increase either w„or N, by two
orders of magnitude from their s =0. 5 values.
Since such large increases in N, are unlikely, these
results indicate that elimination of the shunt is
called for, presumably by the use of higher-purity
GaP.

Because of the long total lifetime w, associated
with the low hole concentrations at high compensa-
tion ratios (see Fig. 11), we expect saturation of
the luminescence to occur at much lower excitation
levels than observed for the samples of Tables II
and III. In practical electroluminescent diodes the



I UMINESCENCE AND MINORITY CARRIER RECOMBINATION ~ ~ ~ 2005

electron injection efficiency is limited at low levels
by space-charge recombination. Thus, for such
a device the bulk material efficiencies shown in
Fig. 17 may not be realizable because of saturation
at higher injection levels. Nevertheless, it does
appear that high-efficiency red emitting diodes can
be achieved simultaneously by (i) increa, sing the s
branching ratio to s &0. 9 through reductions in the

7„shunt path, (ii) compensating to reduce the free-
hole concentration and consequent Auger processes,
and (iii) improving in p-n junction formation to op-
timize electron injection into the active p region.
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APPENDIX A: THERMAL EMISSION RATES FOR
ISOELECTRONIC CENTERS

where f (E) is the thermal equilibrium probability
for electron occupation at the energy level E (mea-
sured from the valence-band maximum) and is
given by

f (E) (I + pe(e VQ& f «r)-& (A10)

In Eq. (A10), P is the degeneracy factor of the
level at E, and pp is the thermal-equilibrium Fer-
mi level. In Eqs. (A7)-(A9), E„ is the binding

energy of a hole to the charged isoelectronic cen-
ter, and E', = E —E„where E is the band gap and

E, is the binding energy (below the conduction-band
minimum) of the deeply trapped electron. In the
nondegenerate case the thermal equilibrium con-
centrations of free electrons and holes, respective-
ly, are given by

(Eg-q)) /k~

p ~ +"tf&p/kT

Combining Eqs. (A5) —(A12) we find that

(Al 1 )

(A12)

K = (N /r )P e &~" (1+P e+s ~0&~" ) (A13)

(N /r )P-&e-E&, IAT (A14)

Usually e~~k "o' k «1, so we approximate K„, with

K, = (N /v, )P,e e& ~" r. (A15)

Using Eqs. (A15) and (A14) in Eqs. (Al) and (A2),
respectively, then leads to the definitions of n, and

P„ in Eqs. (4) and (8).

APPENDIX B: EXCITON OCCUPATION FACTOR FOR
BELOW-BAND-GAP EXCITATION

(photon, N', )-1P,. (I32)

If we let 0 and 0" represent the respective photo
cross sections for these processes, then the gen-
eration rate of bare-electron states due to the inci-
dent intensity J, is I,o N „and for bound excitons is
I, o "N, . The steady-state recombination is governed
by the equations

I,o N, = N, /vf& + (p/v'&, ) (N, /N, ) —('f&„ /y») (N", /N, )

When bound excitons are directly created at Zn-
0 sites by the absorbed below-gap excitation, the
parameters b„and w in Eq. (30) a.re slightly
changed from their above-gap values. This results
from a change in the exciton occupancy factor fo
[Eq. (5)] which enters into the definitions of b„
[Eqs. (10) and (26)] and n& [Eq. (18)]. Equation (3)
was derived assuming that only N, states were
created from the neutral unoccupied states (of con-
centration N, ) by the incident radiation, i. e. , the
only process considered was

(photon, N, ) —(N, , free hole).

A second possible process is
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+ (n, /r„, ) (N, /N, ) —(n/r„, ) (N, /N, ), (B3)

I g"N
q

——N", /r~+ (pq/wqq) (N q/N() —(P/7p() (N, /N q),

(B4)
where

dA
dA

Nq
——N, +Nq+N q . (B5)

We define N', = N, + N", and let f„be the fraction of
total captured electrons on Zn-0 sites which are
incorporated as excitons, i. e. , N", =f,N', and N,
= (1-f ) N', . Making these substitutions and elimin-
ating N', between Eqs. (B3) and (B4), we obtain in
the low excitation limit [I,(g + g")N', «N,'/w, ]

P/~„+ (cr "/g ') (N, /r, ) + (1 —s) (g "/g') (n, /7„,).
(P + P n) /rq q

+ (1 + g "/g ') (N, /r, ) + (g "/g ') (N, /r p)
'

where cr'=0 "+0 . It is easily seen that for 0"=0,
f =f„where f, is given by Eq. (5). In generaI, how-
ever, if v" is nonvanishing then the fraction of ex-
citon-occupied Zn-0 sites is larger for below-gap
excitation. Since ~„v'„, b„, and gg all depend on

fp or f through Eqs. (10), (18), and (26), these
parameters will also differ between the two cases.
We have estimated the increase in b„, and in f over
f, for values of N„Ng appro—priate to the samples
listed in Tables II and III. We find that f, is at
most 60/p larger than fp, which results in a 30/p in-
crease in b„ from its above-gap value. Since this
increase is within the experimental error of deter-
mining q "„(see Appendix C), it has been neglected
in obtaining the values listed in Tables II and III.

APPENDIX C: DETERMINATION OF INTERNAL QUANTUM
EFFICIENCY AND LIMITS OF ERROR

—dz/cosa'
4 &k

(a) (b)

FIG. 18. Relationship between the volume element
and the solid angles used for the radiance calculation.
(a) Definition of d y& as the intersection of the cone dQ'
and the slab of thickness dg/cose' (cf. Fig. 5). (b)

Definition of dQ" as the solid angle subtended by the
area dA at the volume element d x& separated from dA

by a distance (& .

x exp [—(k —1) ~d/cos8'] Z, (E). (Cl)

In this expression R,, and ~ are, respectively, re-
flection and absorption coefficients for the radia-
tion emitted at photon energy E, and (E„E2) is the
energy interval of the luminescent band. To cal-
culate Z„we consider the volume element d x, in
the kth cone at a distance z from the front surface
as shown in Fig. 18(b). The thickness of this ele-
ment is dz/cos8' and its area is dQ'f,', where f„
is the distance from d r„ to dA measured along the
axis of dfl'. In Fig. 18(b) we also consider the
solid angle dQ" = dA c so( 8)/f,

' which is subtended
by dA at d r„with axis along dQ'. If we let l(z, E)
be the volume photon generation rate into 4m sr at
energy E and position z, then we obtain

The internal quantum efficiency can be deter-
mined by measurement of the surface radiance on
samples with parallel plane geometry (see Fig. 5).
To calculate the radiance (Re we decompose the
volume of the crystal enclosed by the internal solid
angle dQ' into a series of truncated cones whose
bases lie on the front and back surfaces, as indi-
cated in Fig. 18(a). To obtain (R, we compute the
fraction of the internal luminescence generated in
the kth cone that reaches dQ after undergoing k —1

reflections and suffering attenuation by 0 -1 path
lengths. (R~ is then calculated by summing over
all the cones. More explicitly, if we let Z~(E)
represent the fraction of the total internal lumines-
cence with photon energy E generated in the kth
cone and exiting the crystal across dA through dQ,
we obtain

2, = f d'r~ exp(- oz/cos8') l(z, E) dQ "/4v, 0 even,

(C2)

&, =
Jv d 'r, exp[- g (d —z)/cos8'] l(z, E) dQ "/4z,

k odd.

In Eqs. (C2) V, is the volume of the kth cone and
the exponential factor expresses the attentuation
due to the path length from d x~ to the preceding
cone. By combining Eqs. (Cl) and (C2) and chang-
ing variables in the integral from d x~ to dzdQ'g„/
cos6}', we obtain

(Rp 2 QE Jl dz (exp [-o(d —z)/cos8 ']
4np

Ey 0

+ Rp, exp [- n(d+ z)/'cos8'] )

8,, = f ' d[E(1- R) /dA&d]Z (Rp )'
p

(I —Rp ) cos8 (C3)
1 —Rp, exp(-2ud/cos8') cos8', l(z, E} .
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f(z, E) = q'(E)n(z)/~ (C4)

where n(z) gives the spatial distribution of the min-
ority carriers and v„ is their total lifetime. De-
Vore has solved for the distribution n(z) in a, geo-
metry similar to that considered here and found
that

To calculate 5I, we express l(z, E) in terms of the
incremental internal quantum efficiency q(E) for
emission of photons of energy E. In the case of ex-
citation above the band gap we have

ternal quantum efficiency q,„,/7),.„„from a knowledge
of the average self-absorption coefficient for the
emitted luminescence, the sample dimensions, and
the index of refraction. For our sample this
yielded a calculated value of 7i,„,/q, „,= 0. 08. This
compares with a measured value of 0. 10. Since
the results agree within the combined experimental
error of + 20/0 for both the internal and external
measurements, we conclude that surface scattering
is of negligible importance in obtaining q,„, from
the radiance data.

n(z) = ', (e "'+Be' v+ Ce ' v), (C5)
(1-R,) o,f,~

(1 —a ,'Lv)

where LD is the diffusion length of minority car-
riers, and R„u.„and I, refer to the reflection co-
efficient, absorption coefficient, and incident inten-
sity of the above-gap excitation, respectively. The
coefficients B and C are functions of J D, n„T„, d,
and the surface recombination velocity v, . The
above result neglects multiple internal reflection of
the excitation, which is a good assumption for ~,d
»1. For crystals similar to the ones investigated
here, other workers"' have found at room tem-
perature that Lv =1 p. and v,~ /Lv» 1. Combining
these results with the values" of o., = 10' cm ' (for
4880-A excitation) and d= 0. 04 cm, we may reduce
Eq. (C5) to a form independent of Lv and v, . When

this is done and the result substituted into Eq.
(C3), we obtain the radiance for excitation a,bove
the band gap assuming o.,» u/cos8 ':

1 —R, cos8 &, z
i'.Os 0 '

exp(- od/cos8')
I —R',. exp(- 2od/cos8 '

The crystals used in this study were selected to
be free of gross optical inhomogeneities. One such
sample polished on six sides to form a parallele-
piped showed no evidence of internal scattering
when examined with a He-Ne laser. However,
some scattering was noted at the crystal surfaces
where the beam entered and exited the sample. In
addition, when the surfaces of this and other sam-
ples investigated were roughened through etching
or coarse mechanical polishing, the measured ra-
diance typically increased by a factor of 2. To
check the effect of surface scattering on the radi-
ance results, a measurement was made of the ex-
ternal quantum efficiency of the rectangular paral-
lelepiped. The sample was mounted at the center
of a calibrated integrating sphere and was excited

0

by 4880-A laser radiation focused into a rectangu-
lar cross section that just matched the largest sur-
face of the sample. For such a geometry it is a
straighforward matter to calculate the ratio of ex-

APPENDIX D: EFFECTS OF PLASMA SCREENING ON
EXCITON RADIATIVE LIFETIME

i), = (P', /m)"'exp(- V,~),

g„= (P'„/32m)'~'P„vcos8exp(-P„v/2),

(DI)

(D2)

where P, and P„are reciprocal Bohr radii. Since
the electron is deeply trapped we expect P, given
by

P, = 2m,*E,/6 (D3)

to be insensitive to screening, whereas P„given by

P'„= 2m„*E„/h' (D4)

should change with doping in accord with Eq. (53).
In Zqs. (D3) and (D4) &n,

* and m„a.re the electron
and hole effective masses, respectively. The di-
pole matrix element p.„between states g, and g„ is

Excitons form at isoelectronic Zn-0 complexes
by a two-step process in which (i) electrons a,re
trapped at the complex, and (ii) holes are captured
by Coulomb attraction into a shallow effective-mass
state. A description of the resulting bound exciton
is extremely difficult, especially when we recog-
nize that the trapped electron state (E,=O. 23 eV)
is almost completely determined by the short-
range (central-cell) potential associated with the
deep 0 donor in the Zn-0 complex, and the shallow
(E„=O.036 eV) effective-mass hole state is made

up of valence-band states. To calculate the effect
of plasma screening on the bound-exciton lifetime
we use a simple atomic model where the electron
is an s state and the hole is in a p state, thus en-
suring that the excitonic decay proceeds via anal-
lowed electric dipole transition. Since the hole
binding energy E„decreases with increasing hole
concentration as a result of screening [see Eq.
(53)j, we expect the hole wave function to become
more extended, and, as a consequence, the dipole
matrix element should decrease. The net effect
should therefore be an increase in exciton lifetime
with increasing hole concentration.

The wave functions for electrons in s states P,
and holes in P states P„are



2008 DISHMAN, DiDOMENICO, JR. , AND C ARUSO

w, =&P~(P', Pq/32&')' ' J icos'8

x exp [-(P, + P„/2) ~j d'r . (D5)

This is easily integrated to give

3/2 5/2xi/3 P. Pa
(32m ) (D6

Note that since E, » E„, P, » P„and thus Eq. (D6)
reduces to

to IJLL, I ~P'„. As a result, the ratio of screened
to unscreened transition rates is given by

1/7.„, ~p'
1/w„„P„ (Ds)

where the superscript 0 applies to the unscreened
case. Combining Eqs. (D4) and (D8) we find that
the intrinsic exciton lifetime scales with hold binding
energy according to

p,„=(e/v) (32m )' (PI /P', ') . (D7)

The excitonic transition rate 1/v„„ is proportional where E„is given by Eq. (51).
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Measurements are reported of the Hall coefficient and the ratio of longitudinal over trans-
verse magnetoresistance in n-type Ge up to electric field strengths of 3 and 9 kV/cm, respec-
tively, for j II t100] at 200'K, in order to obtain quantitative information about electron trans-
fer to higher conduction-band minima. The lattice temperature was high enough to ensure
that no negative differential conductivity was present. Calculations of the galvanomagnetic
properties have been performed for the case that (i) electrons are only in the normally oc-
cupied (111) valleys, taking into account acoustical, optical, and equivalent intervalley scat-
tering as well as scattering by ionized impurities; and (ii) electrons are transferred to the

higher (100) conduction-band minima. Only in case (ii) is reasonable agreement between

theoretical and experimental results obtained, giving a mobility ratio of only about 4. This
is of the same order of magnitude as the theoretical value by Paige.

I. INTRODUCTION

As is well known, the conduction band of ger-
manium consists of four normally occupied mini-
ma along the (111)directions in k space, another
minimum at the center of the Brillouin zone, and a
third set of six minima along the (100) axis ap-
proximately 0. 18 eV above the lowest minima. '
In the past, these higher minima have been con-
sidered in influencing the high-field behavior of
n-type Ge. ' Recently, they have been made re-

sponsible, by Fawcett and Paige, '7 for giving rise
to the bulk negative differential resistance' (NDR)
by a mechanism similar to that of the Gunn effect
in GBAs and to the associated current oscillations
observed by McGroddy and Nathan. It is, how-

ever, not yet established' whether the influence of
the carrier transfer alone is strong enough to
cause the NDR or another effect is responsible for
it (e. g. , Kawamura and Morishita" and Gueret' ).

It is the purpose of this paper to present an ex-
perimental indication that population of higher val-


