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Neutral donor-acceptor-pair recombination under a uniform electric field
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The kinetics of the recombination of electrons trapped by donors, with holes trapped by accep-
tors, in semiconductor materials within a uniform electric field has been investigated. A simple
form has been derived which shows that the decay rate of neutral donor-acceptor-pair {DAP)
recombination increases under the presence of the electric field. This analysis can also be applied to
the processes of neutral DAP recombination in quantum wells and superlattices where electric fields

are always present in the interface regions.

I. INTRODUCTION

Neutral donor-acceptor-pair (DAP) recombination in
semiconductor materials is an important mechanism in
photoluminescence. ' Neutral DAP's are formed when
ionized donors D+ (acceptor A ) capture electrons
(holes) which were created by incident photons. There is
a certain probability that electrons trapped by donors
recombine with the holes trapped by acceptors, which
means that the neutral DAP is an unstable system. When
a neutral DAP recombines, a photon is emitted and a
D+-A pair left behind. The energy of emitted photons
depends on the distance between the donor and accep-
tor. ' Photoluminescence corresponding to DAP recom-
bination is therefore called bound-to-bound transition or
low-energy series (LES) in contrast with free-to-bound
transition or high-energy series (HES). The kinetics of
DAP recombination has been studied by Thomas,
Hopfield, and Augustyniak, and Colbow both theoreti-
cally and experimentally.

Recently, photoluminescence techniques have been
widely used to study the optical, properties of quantum
wells (QW's) and superlattices ' (SL's). Unlike the
DAP recombination inside the bulk of semiconductors,
the processes of DAP recombination in QW and SL
structures are much more complicated. There are in-
duced electric 6elds in the interface regions, so the decay
rate and energy of the emitted photons of DAP recom-
bination in QW and SL structures depend not only on the
distance between donors and acceptors, but also depend
strongly on the locations of the neutral donors and accep-
tors. Because of the surface effects, the distribution of
neutral donors and acceptors is not homogeneous. To
date, the in6uence of these surface fields on the DAP
recombination is still unknown and has not been previ-
ously investigated. The distribution of D and A, and
surface fields at the interfaces of these quantum struc-
tures are very complicated and unknown. The recom-
bination of neutral DAP's in semiconductors under a uni-
form electric 6eld has been treated theoretically in this
paper. Our results provide some information about the

DAP recombination in QW's and SL's under the effect of
the surface field.

The jnlluence of a uniform electric field on the neutral
DAP recombination has been studied by Colbow. The
electric field efFect was taken into account by considering
the action of the 6eld on the impurity wave functions, us-

ing a %KB approximation. He assumed that an applied
electric 6eld has two fundamentally different effects. The
6rst concerns the ground state of the system; that is, the
acceptor-donor pair after the electron-hole recombina-
tion. The second effect involves a distortion of the hole
and electron wave functions by the applied field, and thus
a change in the hole-electron recombination rate. The
first effect has been considered only to increase the band-
width of the pair emission. In Colbow s consideration,
the changing of the decay rate of neutral DAP comes
only from the changing of the wave functions of donors
and acceptors. By comparing the decay rates of DAP
recombinations in the presence and absence of an electric
field, the dipole moment between D+-A (after neutral
DAP recombination) will also affect the decay rate, be-
cause of the interaction between the dipole moment and
electric field. This effect has not been considered previ-
ously. In fact, this is the most important effect when
compared to others.

In this paper, we will calculate the decay rate of neu-
tral DAP recombination in the presence of a uniform
electric 6eld by a different method. The effects of distor-
tion of the hole and electron wave functions, the chang-
ing of binding energies of donors and acceptors, and the
interaction between the dipole moment of D+-A and
the electric 6eld have all been considered. The 6rst two
effects were calculated by a variational method which is
valid under a weak electric 6eld. The decay rate of DAP
recombination in the presence of a uniform electric 6eld
increases in a different fashion compared with Colbow's
results. The amount of increase in our calculations of
the decay rate is higher than that in Ref. 6. In addition,
because of the interaction between the dipole moment
and the electric field, there is an upper limit on the angle
between the line connecting the donor-acceptor pair and
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the axis parallel to the electric field, beyond which the
DAP recombination cannot produce photons with partic-
ular energies.

II. CAI.CUI.A TKlNS

$ (qq/e Ir —r I)+ $qr"E.

The first two terms in Eq. (1) are the kinetic energies of
the electron and hole with respect to a fixed origin of a
coordinate system. The second term is the potential of
interactions between particles and the third term is the
potential of interactions between particles and electric
field E. In Eq. (1), q, =e for i =1,4 and q, = —e for
i =2, 3. e, =e for i = 1,3 and e; = 1 for i =2,4. i = 1, 2, 3,
and 4 correspond to the ionized donor, electron, ionized
acceptor, and hole, respectively. With E=O, the third
term equals zero, and Eq. (1) reduces to the Hamiltonian
of a neutral donor-acceptor pair in the absence of an elec-
tric field. When the separation between the donor and
acceptor, R =

I r, —r3 I, is much larger than the dis-
tances between the electron and donor ri2=

I r) —r2 I

and hole and acceptor, r34 ——
I ri —r4I (~ &&r,z, r34),

then we can write Eq. (1}as

0=0)+02, (2)

where H, (H2) is the Hamiltonian for the neutral donor
(acceptor) in the presence of an electric field;

H, =( —2)l /2m, )V, (e /er, —2)+er, 2 E,
H2 ——( —iri /2m), )V„(e /er34)—+'8r43 E

(3a)

(3b)

In the presence of a uniform electric field, the following
three factors affect the neutral DAP recombination: (i)
The changing of the binding energies of donors and ac-
ceptors, (ii) distortion of the wave functions of electrons
and holes which changes the wave function overlapping
between electrons and holes, and (iii) the dipole moment
of D+-A after D -A recombination that interacts
with the electric field. The first elect is not as important
as the other two. The third efFect is the most important.
Here we have neglected the field efFect on the distribution
of neutral donors and acceptors, i.e., we assume that D
and A distribution is uniform in the presence of the
electric field. In most cases, the electrons and holes are at
the ground state, so we only calculate the DAP decay for
both at the ground state. For the first two efFects, we
used a variational method to solve the binding energies
and wave functions of the ground states of D and A un-
der a uniform electric field. Only the calculation for D
has been shown here. The calculation for A is exactly
the same except that we have to replace the efFective
Bohr radius, a& and binding energy„ED of the donor by
a„and E~ of the acceptor. For simplicity, we also as-

In the efFective-mass approximation, the Hamiltonian
of a neutral donor-acceptor pair in the presence of an
electric field is

H=( fi /2—m, }V,+( A —/2m), )V),

sume that the acceptor level is much deeper than that of
donor (E„»ED), so considerably stronger fields are
needed to perturb the acceptors. In this paper, we only
consider the case where one type of neutral impurity is in
excess, say the acceptor impurity. So one donor atom is
then regarded as being surrounded by a random array of
acceptors and being independent of other donors.

For an isolated donor in an electric field I' pointing
along the z direction, from Eq. (3), the Hamiltonian in the
effective-mass approximation is

H = —(i)1 /2m )V e /—er +eFz,

where r is the distance between the electron and donor, m
is the effective mass of the electron, e is the dielectric
constant, and I" is the strength of electric field. Using
electron Bohr radius a& as the unit of distance and donor
binding energy ED (=e /2eaD ) as the unit of energy and
ee '/ as the unit of charge, Eq. (1) becomes

H = V 2/—r+g—z,
where g =eFaD /ED is a dimensionless parameter
representing the electric field strength.

The variational method is to calculate

(E&=(yIH
I
y&/(1( I 1(),

and then minimize (E )„where f is a trial wave function.
The trial wave function should become the exact solu-

tion for an electron bound to D+ for F=O. Choosing
one of the donor centers D+ as the origin of the coordi-
nate, then the trial wave function should be symmetric
about the z axis which is parallel to the direction of the
electric field and passes through the origin. Also the
wave function and its derivative should be continuous
across, the z =0 plane. With the above restrictions taken
into consideration, in the cyhndric coordinate, we choose
the following as our trial wave function:

T

( 2+p 2) I /2

Xe zgO
( 2+ti 2) l/2

Xe ', z &0,

where N is the normalization constant, and p, and pz are
two variational parameters. For F=O, we should have

pi ——p2 ——1, and Eq. (7) represents the exact solution of the
neutral donor. We only give the results here, the detailed
calculations can be found in Ref. 11. (The integrations
can only be done in the spherical coordinate system. ) We
have

f(P) .

Taking BH /(3P; =0 (i = 1,2), we obtain

~3n df p3/2 (3f
BP BP2

'

' —i

p
—i/2+p —i/2 (p—3/2y(p) f

2 2 1
BP,
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Pt ——1+45(/22,

p2
——1 —45(/22 .

(10)

Figure 1 depicts the plot of Pi and P2 as a function of
electric field strength g, which is obtained by solving Eq.
(9) numerically. Both curves end at (=0.275. This is be-
cause of the fact that there are no solutions satisfying Eq.
(9) above this point. Since we have used a bound state
wave function as a trial wave function, no bound states
exist if the strength of the applied electric field is higher
than a certain value. This also tells us that the variation-
al method used here is vahd only to a certain degree and
it is most suitable for the case of weak electric Selds.

We notice from Fig. 1 that for the region of /&0. 15,
Pt (Pz) linearly increases (decreases) as g increases with a
slope of 2.05. This agrees with Eq. (10). From Eq. (8)„
the dependence of the total energy as a function of g can
be approximately written as E=—1 —0.9g~. Here we
point out that the energy shift obtained by this calcula-
tion is smaller than the results of the perturbation
method. The important results we obtained are the wave
functions of an electron trapped by a donor in the pres-
ence of the electric field, which is essential for calculating
the donor-acceptor-pair recombination rate. The wave
functions of electrons and holes obtained here are better
than those obtained by Colbow by using the %'KB
method. For the case of the weak Seld, our wave func-
tions are guaranteed by the quantitative agreement of our
calculated total energy values with those obtained by
Silverstone' and Hehenberger et al. ' However, the to-
tal energy values obtained by the %KB method were far
from the real values. Now we consider the third e8'ect,

(i =1,2), and 8(x) is a step function which is unity for x
larger than 0 and 0 otherwise. The variational parame-
ters P, and P2 can be determined from the solutions of
Eq. (9). For F=0 and g=O, we have P, =P2 ——1, as they
should be.

We have solved Eq. (9) by numerical calculation. Be-
fore we present the numerical results, the solution for the
weak field (small g) will be discussed. For a weak Seld,
both P, and P2 are very close to 1, so we can write

P, = 1+b, and Pz
—1+ be, where b, and b2 are two small

values. From Eq. (9), if we only keep to the first order of
b] and b2, we obtain

the interaction between the dipole moment of D+-A
and the electric field. Here we compare the decay rate of
neutral DAP recombination with emitted photons at the
same energy, hv, for both in the presence and absence of
the electric 6eld. Because of the energy conservation of
DAP's before and after recombination, we have the pho-
ton energy emitted by the DAP recombination for the
cases with and without the electric 6elds, respectively,

Eo+e /eR, F=O

Eo+e /eR ' (es ' —)FR ' cos8, E&0,
where Eo=Es (ED+E„), E—o=Es (Eg +E„'—), Es is
the energy gap, and En (E„') is the donor (acceptor)
binding energy under the electric field. Here we have as-
sumed that no phonons are involved. R * is the distance
between D and A . The last term in the 8+0 case of
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FKJ. l. Tlte variational parameters p& and p2 as functions of
electric field (.
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Eq. (11) represents the energy interaction between the
D+-/I dipole moment {after neutral DAP recombina-
tion) and the electric {ield. The major dilerence for the
recombination rates of a neutral DAP between a zero
Geld and a nonzero field comes from this term. For E=O,
A "s at a spherical surface recombine with a Do at the
origin to emit photons of the same energy. The presence
of the dipole moment term causes this equal energy sur-

face to have an angular dependence; i.e., for F=0, the
surface is spherical, and for 8+0, it becomes a surface on
which the distance to the center is R ' depending on the
angle 8.

From Eq. (11), comparing the DAP recombination
with and without an electric {leld of the same emitted
photon energy, we obtain {in units of a~ and Ez)

1/R '+g'R 'cos8= bE+ 1/R,
where bE=hE&+hE„, EEr ——,'{Ez——ED), hE„
= 2 (Ez —Eq ), and g'=(g/2e'~ ). Ez can also be ob-

tained by using the same H(P„P2) of Eq. (8}, but with

units in E„and a„. The dimensionless parameter g„of
the hole can be expressed in terms of g, of the electron as

fI, ——et'a„/E„=g, (ED/E„) . The energy shift for the
acceptor under the electric field can be neglected if
Eri «E„. This leads to hE =B,En. Solving Eq. (12) us-

ing the solution which satisfies the condition g =0,
R *=8, we have

R '=2R(1+R bE)-'I l+ [1+4$'R'(cos8)

Now we can calculate the neutral DAP recombination
under a uniform electric field. The probability of recom-
bination between a hole bound to an acceptor at the posi-
tion (p, z) =(R ' sin8, R ~ cos8), and an electron bound to
a donor at the origin is proportional to the square of the
overlap of the wave functions. s If we define Wz as the
recombination rate under a uniform electric field, then

I= I g, fi, dr

N exp I
—[(p—R ' sin8) +P,(z —R ' cos8} ]'~2), 0 & 8 & n/2

& expI —[(p—R ' sin8) +p2(z —R ' cos8)']'~z), (n /2 &8 &m )

Noting that p and z «R ', we have

N expc —R'[1+(P,—1}cos8]' ), 0(8&m/2

NexpI —R'[1+(Pz—1)cos 8]' ), n'/2&8&e' '

(14)

(15)

Averaging for 8, we obtain the following expression for
the neutral DAP recombination decay rate under a uni-
form electric field

( fV~)=(N /4n) J J ~I
~

zsin8d8dg .

HI. RKSUI TS AND DISCUSSION

(16)

R ' =R (1—g'R cos8) .

From Eq. (16), we have

& ~,&=~,Q(g),

where 8'0 is the decay rate of neutral DAP recombina-
tion with emitted photon energy hv=518 nm (corre-

Let us use the above results to calculate the neutral
DAP recombination decay rate for CdS semiconductors
at liquid helium temperatures. W'e have for CdS (Refs. 2,
4, and 14) ED =31 meV, E„=169meV, Ez —2.582 eV,
and a=8.33. The I.ES zero-phonon peak position is at
he=518 nm or E=2.3935 eV. From these parameters,
we have e /eR =0.0115 eV so that R =5.4a~, and
f'=0 173$. .

For a weak field, the condition of Rg«1 holds, and
R LEE =0.45R g can be neglected From Eq..(13), we ob-
tain

is the ratio of the decay rate with an electric field to the
decay rate without the electric field. For CdS in a weak
field, we have

Q(g) =(sinhg)/rl, (19)

where rl =54.5$. In Fig. 2, we plot Q(g) as a function of
g' in the region of 0 to 0.05. The corresponding strength
of the electric field for CdS is also displayed on the top
scale of Fig. 2. For the case of F=0 and g'=0, we have

Q =1 and ( W) = W'0, as they should be.
The evidence to this increase in decay rate of DAP

recombination has been observed. in time-resolved excita-
tion spectroscopy of CdS at liquid-helium ternpera-
tures. "' The decay rate is about 50%%uh larger for short
excitation wavelength photons (478 nm) compared with
those of long-wavelength photons (490 nm). One of the
difFerences between these two excitations is that the ab-
sorption coeScient of 490 nm is about 3 orders srnaHer

than that of 478 nm for CdS at liquid-helium ternpera-
tures. ' %hen the sample is illuminated by photons with

sponding to A 's at a distance R =5.4az away from Do)

in the absence of an electric field.

Q(g)= jf cosh(2$R3x)dx=(1/2f'R )sinh(2fR )

(18)
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a wavelength of 478 nxn, most photons mill be absorbed
at the surface region. On the other hand, photons of ex-
citation wavelength 490 nm generate most D and A in
the interior. Because of the surface field, we expect an in-
crease in the decay rate for short excitation wavelengths
according to the above calculations. This is exactly what
we observed, ' and the average surface 6eld is about 10
V/cm for the ultra-high-purity CdS with etched surfaces.

By inspection of Eq. (13), we have a restriction on R ',
which can be expressed as

I+4)'R~(cos8)(1+REF) &0

or

cos8& —(I+RhE) /4g'R = —(1+2.5g )/20$;

(20)

if (I+2.5$ )/20(&1, then there is a restriction on 8.
Only within the angular region of 0 to 80 does the recom-
bination of the neutral DAP produce photons whose en-

ergy corresponds to the energy hv of a D -A pair (dis-
tance R apart) in the absence of the electric field. Beyond
this region, the DAP recombination of the neutral DAP
will not contribute to the luminescence signal detected at
an energy hv. For (&0.05, there is no restriction on 8.
For g & 0.05, the critical angle 80 can be calculated from
Eq. (20), and we have

8O= cos '[ —(1+2.5)2)/20(] .

F (go V/cm)

We have plotted the critical angle Ho for hv=518 nm
as a function of g in Fig. 3. If g increases from 0.05 to
0.1, 00 drops dramatically from 180 to 120', then de-
creases slowly to 106' at )=0.2.

Besides the efFects of the increase on the decay rate of
DAP recombination, the electric Seld also changes the
line Shape. It will cause a linewidth broadening. The
main elect is caused by the angular dependence of 8'
[see Eq. (13)],with R' &R for 0&8(n/2 and R' &R for
n/2&R &m. The line shape for I' =0 depends on the
probability of a neutral donor recombined with neutral
acceptors at a spherical surface with a distance R from
the donor. For 8+0, this probabihty also depends on the
angle 8. The increase of the probability in the region
0&8&ir/2 is larger than the decrease of the probability
in the region n/2&8&ir Aft.er averaging over 8 from 0
to n, the total effects to the line shape by the electric field
are that the DAP recombination peak shifts to higher en-

ergy and broadens preferentially on the higher energy
tail. These effects have been observed experimentally. s'

As has been discussed by Colbow, under an electric Seld
F, one may expect the linewidth from DAP emission to
increase by an amount of the order of

provided the radiation is mainly caused by the pairs
whose reaction rate is increased by the field. Another
effect of linewidth broadening is caused by the broaden-
ing of the shallow donor levels under an electric field. ' '

2.5-

2.0-
6 O

1o-M

V

I

0.2

FIG. 2. Increase in the decay rate of neutral DAP recom-
bination as a function of electric field g. Upper scale is the elec-
tric Seld strength for CdS.

FIG. 3. The critical angle 80 for h v= 518 nxn as a function of
electric field (.
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In conclusion, we present a calculation of neutral DAP
recombination in the presence of a uniform electric Selds,
and we showed that the decay rate of DAP recombina-
tion will increase. This calculation also gives us some
hints about the neutral DAP recombination at the semi-
conductor surfaces and interface regions. If we know the
exact distribution of the surface fields, the kinetics of the
neutral DAP recombination can be treated in the same

way. Work is currently in process on the neutral DAP
recombinations at the semiconductor surfaces.
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