PHYSICAL REVIEW VOLUME

149,

NUMBER 2 16 SEPTEMBER 1966

Recombination Kinetics and Electroluminescence from Deep Levels
in the Carrier Diffusion Region of a p-n Junction

D. F. NELsON
Bell Telephone Laboratories, Murray Hill, New Jersey
(Received 9 March 1966)

Approximate steady-state solutions of the continuity equation containing effects of diffusion, drift, and
recombination are obtained for the carrier diffusion region of a forward-biased p-# junction over a wide
range of injection. These are used to predict the voltage (V) dependence and the spatial distribution of
electroluminescence (EL) originating from a deep level. Regions where In(EL) versus eV /kT has slope 1, §,
(m~+1)/m, and % are found (m is defined by the current-voltage characteristic: I=1I, expeV/mkT). These
predictions hold for either Shockley-Read-Hall or donor-acceptor-pair recombination. The spatial distribu-
tion of electroluminescence is a simple exponential in the first region. For the next two regions for each
recombination mechanism, it contains a saturated layer of constant brightness adjacent to the junction
which expands rapidly with voltage. The latter behavior persists in the fourth region for donor-acceptor-
pair recombination, but for Shockley-Read-Hall recombination a further increase in brightness near the
junction occurs. Comparison of these predictions with experimental results on gallium phosphide electro-

luminescent diodes is made in the following paper.

I. INTRODUCTION

ECENTLY Morgan® has used the Sah-Noyce-
Shockley theory? of deep-level recombination in

p-n junctions to predict the voltage dependence of
electroluminescence emitted from the space-charge
layer of junctions. Mayburg and Black® have studied
the kinetics of a competition between monomolecular
and bimolecular light emission mechanisms in the
space-charge-layer and diffusion regions of junctions
under the restriction that these recombination mecha-
nisms also determine the current-voltage characteristic.

A recent experimental study* of the kinetics of light
emission from a deep recombination level in gallium
phosphide p-% junctions has found three regions where
the voltage dependence of the electroluminescence has
a simple form. Observation of the spatial distribution of
the emission has shown it to originate from the carrier
diffusion region beyond the space-charge layer. The
spatial distribution of emission was also measured and
found to change with voltage. These results cannot be
compared with Morgan’s work! which applies only to
space-charge-layer recombination, nor with the work
of Mayburg and Black? which (1) assumes radiative
recombination is dominant, (2) does not involve a
saturable recombination mechanism (which is necessary
to explain the data), and (3) considers only the case of
conductivity modulation.

It is the purpose of this paper to construct a theo-
retical framework for the interpretation of these ob-
servations. The results obtained, however, can be
applied to any semiconductor. We will obtain approxi-
mate solutions to the steady-state continuity equation

LT, N. Morgan, Phys. Rev. 139, A294 (1965).
(125(;.) T. Sah, R. N. Noyce, and W. Shockley, Proc. IRE 45, 1228
957).
3S. Mayburg and J. Black, J. Appl. Phys. 34, 1521 (1963).
4+ M. Gershenzon, R. A. Logan, and D. F. Nelson, following
Il)gper,dl’ll}iys. Rev. 149, 580 (1966). See Sec. V and Figs. 10, 11,
, and 17,
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containing effects of diffusion, drift, and recombination
for the carrier diffusion region of a forward-biased p-»
junction in four different regions of junction bias. The
current-voltage characteristic, which depends on space-
charge-layer as well as diffusion-region recombination,
will be assumed experimentally known. Recombination
via a Shockley-Read-Hall mechanism and a donor-
acceptor-pair mechanism will be considered. From the
solutions, predictions of the voltage dependence of the
total light emission and its spatial distribution will be
made for each voltage region.

II. RECOMBINATION STATISTICS
A. Shockley-Read-Hall Recombination

Shockley and Read® and Hall® showed that the
steady-state recombination rate of mnondegenerate
distributions of holes and electrons through a single
level in the forbidden gap is given by

U= (pn—p1)/[(n+n1)mpot (p+p)rae], (1)

where p and » are the densities of free holes and elec-
trons, p1 and n: the densities when the Fermi level
coincides with the recombination level (pumi=ns,
where #»; is the intrinsic carrier concentration), 7,0 the
lifetime for holes injected into highly n-type crystals,
and 7,0 the lifetime for electrons injected into highly
p-type crystals. We will assume that at least one of the
transitions involved in Eq. (1) is radiative. If we assume
that charge neutrality holds and that the majority
carrier density under equilibrium conditions is large
compared with the recombination level density,? then

n=mno+on, (2)
and

p=poton, ®3)
where #no and pg are the equilibrium electron and hole

5 W. Shockley and W. T. Read, Jr., Phys. Rev. 87, 835 (1952).
s R. N. Hall, Phys. Rev. 83, 228 (1951); 87, 387 (1952).
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densities. The recombination rate becomes

U=én(1+4cdn)/re(1+adn) , 4)
where
a= (Tp0+ Tno)/[(n0+n1) Tpo+ (P0+P1) TnO:] ,
c= (no+po)™,
and

70= (1p0+Tno)c/a

which is the low excitation lifetime.

B. Donor-Acceptor Pair Recombination

Radiative recombination of electrons trapped on
donors with holes trapped on spatially separated
acceptors (“pair recombination”) has been shown to
be present in junction electroluminescence.? The calcu-
lation of the recombination rate of this process at low
temperature is greatly complicated by the necessary
integrations over the pair-separation distribution.”
However, at higher temperatures redistribution of
charges on the centers causes pair recombination to
become a bimolecular process’ between donor-acceptor
pairs whose separation is such that their recombination
rate is greater than or comparable to the ionization rate
from the shallowest of the two levels. All other donors
and acceptors act merely as traps. In this temperature
regime, the spatial distribution of donor-acceptor pairs
can be ignored and the pair recombination represented
as merely a transition between two levels in the for-
bidden gap. The net transition rate between an electron
on a donor and a hole on a nearby acceptor is therefore

Uda: fpa,NaCndeVd'— faNaenfde\Td ) (5)

where f is the probability of occupancy for electrons,
fp=1— fis the probability of occupancy for holes (d and
a are subscripts denoting donor and acceptor, respec-
tively), ¢, is a capture coefficient and e, an emission
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coefficient (units of cm3/sec), and N4 and N, are the
densities of donors and acceptors which satisfy the close-
ness requirement stated above. At thermal equilibrium,
Eq. (5) equals zero. Thus, e,/c,=exp(E,— Ez)/kFT=K,
where £, and Eg are the energies of the acceptor and
donor levels. For wide-band-gap semiconductors at
normal temperatures K=0. Thus,

Ug= (fpafd— Kfafpd>anaNd . (6)

The net capture rate of free electrons by donors for a
nondegenerate free-electron distribution is®

Uca= (fpdn— fdnl)/TnO, (7)

where 71=N, exp(Eq—E.)/kT, N, being the density of
states and E. the energy of the edge of the conduction
band. The net capture rate of free holes by acceptors
for a nondegenerate free hole distribution is®

Uva= (faP_fpaPI)/TpO: (8)

where p1=N, exp(E,— E,)/kT, N, being the density of
states and E, the energy of the edge of the valence band.
Valence-band — donor and conduction-band — acceptor
transitions will be assumed negligible. At steady state
U=Ucs=Ugo= Uy, This yields
U={QL(p~+Kp1)/ o0+ (n+Kn1)/7a0]

+ (p+p1) (n+11)/ 7pomn0

—H{OL(p+Kp1)/ oot (nt+EKni)/7n0]

+ (P"I"Pl) (”+”1)/Tp07'n0} 2

—40*(1—K) (pn— Kpim1)/rpornol *}/2Q(1— K) ,(9)

where Q=c¢,N,Ns With the definitions of #; and $;
used for the donor-acceptor-pair recombination
Kn1p1= na.

The low recombination rate lifetime 7o, defined by
U=6n/19, can be found from Eq. (9) with the use of
Egs. (2) and (3) to be

To

(10)

Q(potno)

The high excitation limit of Eq. (9) can be obtained
by expanding the radical to first order in 7p0*7so%/

(p+p1)*(n+n1)* to be

O L
(p+22) (n+m)

K
X { 1——[P1ﬂ1+
pnl

When p>>p; and #>>n;, U=Q, which corresponds to

]

7D. G. Thomas, J. J. Hopfield, and W. M. Augustyniak, Phys.
Rev. 140, A202 (1965).

the complete filling of both the donor and acceptor
levels.

III. CONTINUITY EQUATION FORMULATION

We now derive the steady-state equation governing
the diffusion, drift, and recombination of excess carriers
in the diffusion region of a p-n junction. The steady-
state continuity equations for free holes and electrons
are

U=—-V-J,/e, (12)

U=v-J/e, (13)

where J, and J, are the hole and electron current
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densities, e the electron charge, and the recombination
rate U is given by either Eq. (1) or (9) or a sum of such
rates. The current densities are given in terms of the
electric field E, the hole and electron mobilities us
and u., and the hole and electron diffusivities Dy and
D, (D;=pikT/e, where i=h,e) by

Jr=eurpE—eDpVp, (14)
J.=eunE+eD,Vn, (15)

and the total current density J is
J=+J.. (16)

By substituting Egs. (14) and (15) into (12) and (13)
and eliminating the V- E term, we obtain

U (uen+pnp) = pDinV2p+puD pVen
—peinE- (nVp—pVn).  17)

Our interest here is in studying the electrolumines-
cence emitted from the carrier-diffusion region on one
side of the junction. The current-voltage characteristic
of the junction is determined by recombination on both
sides of the junction and in the space-charge layer. Thus,
we can regard the total junction current density given
by Eq. (16) as an experimentally known parameter and
express the electric field E in terms of it. From Egs.
(14), (15), and (16) we have

E=(J/e—D,Vu+DwVp)/(urp+um).  (18)

Equation (18) can be used to eliminate E from Eq. (17).

We now use Egs. (2) and (3) to obtain from Egs. (17)
and (18) an equation governing the excess carrier
density énz. We will consider the p side of the junction
(n0=0). Define the dimensionless quantities: A=dn/po,
I=a[ 7D, T2, b=p,/ur=D./Ds, and I'=b|J|r/?/
epoD 2. The coordinate system we use places the edge
of the space-charge region at =0 and the positive
contact of the diode at =+ . Thus,

1424 @A (T4 (b—1)(dA/dD)dA 7o
{ —=—U. (19)
14+ (+1)A aP [+ @+1AP

dl  po

The second derivative term represents the effect of
diffusion, the first derivative terms the effects of drift
(which act to transport excess carriers in the same
direction as diffusion does), and the right-hand side
represents recombination.

The Shockley-Read-Hall recombination rate becomes,
in dimensionless form,

7oU/po=A(1+4)/(14+R4),

where R=ap,. The donor-acceptor pair recombination
rate at low excitation becomes

ToU/po=A, (21)

where 79 is given by Eq. (10) for this case. At high
excitation for a wide-band-gap semiconductor (K=0),

(20)
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Eq. (11) yields
U/ po=MA(1+4)/(1+44)(1+B4),  (22)

where A=po/ni, B=po/(potp1), and M=ropeQ/
n1(potp1). For strongly p-type material B is of order
unity and an adequate approximation is to put
(14-4)/(14BA)=1. Saturation of U is then seen to
occur when AA=dn/n>1. For this case

U/ po=M/A. (23)

Our problem is now to solve Eq. (19) with Eq. (20)
or Egs. (21) and (23). Equation (19) is badly nonlinear
making a general solution impractical. However,
Eq. (19) can be solved in several ranges of A and from
these solutions the main physical predictions can be
extracted. The boundary condition to be used at the
space-charge layer edge for low to moderate forward
biases corresponds to the quasi-Fermi levels being flat
through the space-charge region.? Therefore

A(x=0)= A= (n:/po)* exp(eV/kT), (24)

where #; is the intrinsic carrier concentration and V
the applied voltage. When conductivity modulation
(8n= po) is reached the boundary condition becomes?

A(x=0)=2A0= (n:/po) exp(eV/2kT),  (25)

where V is then the applied potential minus the ohmic
drop in the bulk crystal.

IV. SPACE AND VOLTAGE DEPENDENCES
OF ELECTROLUMINESCENCE

A, Shockley-Read-Hall Recombination

We will now obtain approximate solutions of Eq. (19)
in different ranges of A for the Shockley-Read-Hall
recombination rate of Eq. (20). Three parameters
appear: b, ', and R. In most semiconductors, b is larger
than, but of order, unity. Among other parameters I’
contains the current density, which depends on voltage,
as does the boundary condition parameter A, By
expressing J=Joexp eV /mkT where 1<m<2 and by
using Eq. (24)

I'= b]0T01/2 (AOPOZ/niz)llm/ePODelm
=T exp(eV/mkT). (26)
If we consider a deep donor-like recombination center
in the p-type material, R will be very large compared
to unity.
Region 1. Linear Recombination, Diffusion Conirolled
A¢K1 and RAK1. Equation (19) becomes simply

BA/dR=A @7)
with a solution
A=Agexp(—1). (28)

This gives the spatial distribution of the electro-
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luminescence since in this limit U is proportional to A.
Figure 1 illustrates the spatial distribution of electro-
luminescence in this and other regions. The total light
emission from this carrier-diffusion region will be
proportional to L where

L=/ vdi.
0

The p-side injection current will have the same depend-
ence on V as L does. Hence, for this case

L= poAo/70= (n2/poro) expeV/kT . (30)

The total light emission is plotted versus voltage in
Fig. 2.

The transition from region 1 to 2 will occur around
a voltage V12 determined by RAo=1. This leads to

eVis=E,—kT In(N.N.R/p),

where E, is the energy gap of the semiconductor.

(29)

31)

Region 2. Saturated Recombination, Diffusion Controlled

A1, RAS>1, and T'(2RA)Y/2%K1. The last condition
allows the neglect of the drift term containing I'. The
term in (dA/dl)? is also negligible. Equation (19)
becomes

@A/dlP=1/R, (32)
with a solution
A=P/2R+kil+ Ao, (33)

k1 being an arbitrary constant. This solution fails when
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F16. 1. Typical spatial distributions of electroluminescence from
a deep level in regions 1 to 4 (see text) are plotted on a semi-
logarithmic scale. Shockley-Read-Hall (SRH) and donor-acceptor
pair (DAP) recombination mechanisms give the same distributions
in regions 1 to 3 but differ, as shown, in region 4. The sharp corners
result from the approximate nature of the solutions.
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F1c. 2. The total electroluminescence (integrated over space)
from a deep level is plotted versus junction bias ¥ on a semi-
logarithmic scale for regions 1 to 4 (see text) for either Shockley-
Read-Hall or donor-acceptor-pair recombination. The slope of
InL versus eV/kT is 1, 3, (m+1)/m and % successively in regions
1 to 4 (m is defined by the current-voltage characteristic:
I=1IqexpeV/mkT).

RAKL1, that is, for large J. For this region a solution
of Eq. (27)

A=A, exp(l.—1) (34)
must be used. We can construct an approximate solution
by extrapolating both Eqs. (33) and (34) to I=1,, where
RA=1 [A. of Eq. (34) becomes R™] and joining the
functions and their derivatives continuously. This
yields

l,= (2RA¢—1)'2— 1= (2RA)'". (35)
The spatial distribution of the electroluminescence in
this approximation is constant (saturated) for 0<I</,
and then falls exponentially for />7.. This distribution is
plotted in Fig. 1. From Egs. (35) and (24) we see that
the width of this saturated region l,=[(2R)'?n;/po]
Xexp eV /2kT expands rapidly with voltage. The total
light output is

le dl ©
L=@{ / s Adz} . (36)
molJo R Jy,
Therefore,
L=po(l-4-1)/Rro= (2n;/7,R\?) exp eV /2kT , (37)

which increases more slowly with voltage than L for
region 1 does. This is shown in Fig. 2.
The transition from region 2 to 3 will occur around
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a voltage Va determined by I'(2RAp)'?=1. This
leads to

eVas=m/(m~+2)[E,+kT In(po?/2I' #RN N ,)]. (38)
Region 3. Saturated Recombination, Drift
and Diffusion Controlled

Aekl, RA>1 and T'(2RA¢)Y2>1. For this case
Eq. (19) becomes
d?A  dA 1
e (39)
di? dl R
with a solution of the form
A= Ag—I/R+ks[expli—1], (40)

where k5 is an arbitrary constant. Again we will extrapo-
late this solution to /=I, where RA=1 and join it
smoothly to a solution of

?A dA
—TI—= (41)
ar dl
The solution of this equation is
A=Rlexp[P(.—1)], (42)

where P= (I"%/4+1)'2—T/2. Joining of the solutions
leads to a transcendental equation for /, of the form

a—Tl,=Bexp(—Tl.), 43)
where
a=T?(RA¢—1)+1—PI'=T2RA>1
and
B=1—PTrs1.

An approximate solution of Eq. (43) is thus /;=a/T or
l;=RTAy= (RUon/pd) expleV(A+m™)/kT]. (44)

The spatial distribution of the electroluminescence
for this case is again a constant for 0</</, and an
exponential fall-off for I>7. (see Fig. 1). Since P<1
this exponential fall is slower than for regions 1 and 2.
Since 1<m<2, the width of the saturated layer
[Eq. (44)] increases faster with voltage than for
region 2. The integrated light output is

L= Po(lc"}—P_l)/RTo
= (Poﬂzz/PoTo) BXPEGV(1+M_1)/]€T] (45)

This also increases faster with voltage than in region 2
(see Fig. 2).

The transition from region 3 to 4 will occur around a
voltage V34 determined by A¢=1. This leads to

eVau=E,~kT In(NN./pd). (46)

Region 4. Linear Recombination,
Conductivity Modulation

A1, RA>1. We will assume the opposite side of
the junction is more heavily doped than the p side

D. F. NELSON
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considered here. Otherwise, conductivity modulation
(6n= po) on this side would not be reached. The drift
terms in Eq. (19) are negligible because of the factors
in the denominator. Equation (19) becomes

2 A A
—_——= “@n
b+1d2 R
Its solution is of the form
A= Aq exp(—SI)+ks[exp(Sh)—exp(—SN)], (48)

where S=[(b+1)/2R]*<1 and k; is an arbitrary
constant. By the procedure used in the other regions
we will join this solution smoothly to

A=kys—1/TR+ks expl'l, (49)

which is the solution of Eq. (39), at /=1, where A=1.
In turn this solution must be joined smoothly to
Eq. (42), which is the solution of Eq. (41), atl=1, where
RA=1. Two transcendental equations for I/, and I,
result from the continuity conditions. One is Eq. (43)
with the approximate solution Eq. (44) except that I,
must be replaced by I,—1, and Ao by 1. Hence, l.—1s
=T'R. The other equation is

TRS{[1—A, eXp(——Slb)] coshSly— Ag exp(—Siy) }+1
=[1l—1l,—TR+T){exp[T(—h)]—1}". (50)

Since I"”R>>1 and TR>>S! in this region, an approxi-
mate solution is coshSly=271 expSl,=Ao. With the use
of Egs. (25 and (26) (with m=2 as appropriate for
conductivity modulation?)

and

lo=1,+ TR exp®V 24T (52)

The spatial distribution of the electroluminescence
in this excitation region decreases nearly exponentially
[following Eq. (48)] from the space-charge-layer edge
to I=1I, (which increases linearly with voltage), is
constant from /=1, to I=1I, (which increases exponen-
tially with voltage) and decreases exponentially for
1>1,.. This is illustrated in Fig. 1. The integrated light
output is found to be

L = (Po/RTo)I:Ao(l—' eXp—Slb)/S
+2k5(coshSly—1)/S+1,— I+ P1].  (53)

The terms containing exp—S7s, k3, and P~ are negli-
gible and so

L= (RS7o) " (ni+ToRpoS) exp eV/2kT,  (54)

which is shown in Fig. 2. In the high bias region the
junction voltage V will be equal to the applied bias
minus the ohmic drop in the crystal.

B. Donor-Acceptor Pair Recombination

Consider next donor-acceptor-pair recombination.
At low excitation the use of Eq. (21) leads to a result
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identical to that of region 1 found above. Saturation of
donor-acceptor-pair recombination, as expressed in
Eq. (23), yields results analogous to those of regions 2
and 3 above but with R replaced by 4/M. The pre-
dictions for region 4 differ somewhat, however, since the
donor-acceptor-pair recombination remains saturated
under conductivity modulation rather than again
becoming linear in A as for Shockley-Read-Hall
recombination.

Region 4. Alternate Saturated Recombination,
Conductivity Modulation

Ac>1, AA>1. Equation (19) becomes

2 d*A M
— =, (55)
b+1di2 A4
with a solution
A= b+ MPE/4A+kd+ Ao (56)

With the procedure used before, this must be joined
smoothly to Eq. (49) (with R— A/M) at I=1I; where
A=1. In turn, this solution must be joined smoothly
to Eq. (42) (with R — A) at I=I, where AA=1. The
joining conditions lead to an equation similar to
Eq. (43) for l.—I, with the approximate solution
l;—1ly=TA/M and to an equation for I, which was an
approximate solution J;=[44 Ao/ (b+1)M ]/2. The inte-
grated light output with the use of Egs. (25) and (26)
becomes

L=po(MlA1/P)/reAd= (Lopo/70) exp eV /2kT. (57)

Thus, the dominant voltage dependence of the inte-
grated light output is the same for donor-acceptor-pair
recombination as for Shockley-Read-Hall recombina-
tion in the conductivity modulation region as well as
in the other regions (see Fig. 2).
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The spatial distribution, however, is not the same.
The electroluminescent brightness is constant from the
space-charge-layer edge out to J, beyond which it
diminishes exponentially with a rather slow fall-off
constant. As before, the saturated region width
lo~ exp®V/*T, This is shown in Fig. 1.

C. Discussion

Since electroluminescence is often inefficient, it is of
interest to consider two competing recombination
mechanisms in Eq. (19), a dominant donor-like non-
radiative Shockley-Read-Hall one and a donor-like
radiative one like either of those considered above. This
can be easily done by the approximate method used
above and the same predictions result. The only differ-
ence is that the transition between regions 1 and 2 will
usually be more extended since both recombination
mechanisms must saturate in order for region 2 to be
reached.

It should be noted that the existence of four separate
regions depends upon the numerical values of the
parameters in Eq. (19). For instance, if R were close to
one, as for a very shallow recombination level, the
condition necessary for the existence of region 2 would
not be reached before that giving region 3 was reached.
The results obtained above apply to a deep recombina-
tion center (R>>1), though the formalism could be
modified to apply to shallow centers. Comparison of
the predictions to experimental results obtained with
gallium phosphide electroluminescent junctions will be
made in the accompanying paper.*
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