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Excitonic effects in band-edge luminescence
of semiconductors at room temperatures
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Abstract. A theoretical analysis is developed for ascertaining the influence of exciton states on
edge luminescence in different semiconductors at high temperatures and high levels of excita-
tion. Screening effects and the Mott transition for excitons have been taken into account using
simple relations obtained with a variational method. Dependencies of luminescence quantum
efficiency on excitation level are discussed. A mechanism of exciton non-radiative annihila-
tion due to Auger recombination via deep impurity levels is analysed as well. It is shown that
the probability of this process decreases with an energy of exciton binding.
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1. Introduction

As was argued for the first time in 1967 by Nolle [1] at
certain conditions the exciton contribution into edge lu-
minescence in semiconductors can be the principal one
not only at low (liquid helium or nitrogen) temperatures,
but at room temperatures, too. In this case the radiative
recombination is suppressed not only by non-radiative
multi-phonon processes of energy dissipation, but Auger
recombination of carriers, too. Moreover, along with con-
ventional band-to-band Auger recombination of carriers
a specific exciton Auger-type annihilation via deep im-
purity levels contributes to non-radiative dissipation of
energy [2-5]. As it was shown in [2,3,6], this recombina-
tion mechanism can dominate in silicon, especially at
sufficiently large doping levels or high laser excitation.
It is expected also, that this mechanism should manifest
itself in other semiconductors.

In the present work some properties of edge lumines-
cence have been considered for the case of high tempera-
tures when exciton dissociation time is much less than
characteristic exciton annihilation time. If, furthermore,
the binding energy of exciton ground state becomes less
than thermal energy kT, the isolated lines of free excitons
cannot be observed in optical spectra in principle. Nev-
ertheless, even under these conditions the excitons can
contribute substantially to the luminescence and deter-
mine its intensity at least for concentrations of excess
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carriers lower than the critical one corresponding to the
exciton Mott transition. We have considered this effect
in a simple model, which allows to take into account and
evaluate the influence of above mentioned Auger-type
mechanism of exciton non-radiative annihilation via deep
impurity levels on quantum efficiency of luminescence
both in direct- and indirect-gap semiconductors.

2. Formulation of the problem

Since quantum efficiency of radiative recombination
should be determined in a wide range of excitation
intensities and doping levels, it is necessary to take into
account the effect of Coulomb potential screening between
electron and hole at sufficiently large concentrations of
free carriers. It can be done by the analogy with [7] on
the base of variational method. A ground state wave func-
tion of the Wannier-Mott exciton can be approximated
in the framework of this method by the following expres-
sion:

() = Aexp%%%, M

where r is the radial coordinate, 4 is the normalization
constant and « is the variational parameter. Potential
energy of the electron-hole interaction is taken in a stand-
ard form of screened Coulomb potential:
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where ¢ is the electron (hole) charge
(nkT/ 4nz] (n+p)
ing radius in a nondegenerate case. For further consid-

eration it is also convenient to introduce the following
standard designations: the binding energy of the

's/ ghe static dielec-
} is the screen-

tric constant, rp =

Wannier-Mott exciton ground state in the absence of

4
screening, Ej=- ﬂg 55 the corresponding exciton
26°h
2
Bohr radius, ap = — the reduced effective exciton
Hq

mass, [ = myx xmy/(m,+my,). Then from the minimum
condition for the exciton ground state energy with ac-
count for screening one can obtain the following equa-
tion for variational parameter 0 = a/ap:
33 -2p?-3p)s> - (B> =3B+ B> =0, €))
where 3 = 2rplag.

Finally, the expression for the exciton binding en-

ergy in the case of screening reduces to the following
one:

E_=F H;—LE 4
T Bavarpy? 82F @

The condition E,=0 determines the point of exciton Mott
transition. It follows from Eqs (3) and (4) that this transi-
tion occurs at 3 [02.133. It should be noticed that ob-
tained solution is valid for both direct- and indirect-gap
semiconductors. From the screening radius value at the
transition point rp (01,067ap one can easily obtain the
critical concentration of carriers, at which exciton Mott
transition takes place. For example, in the framework of
our consideration the critical concentration for the case
of silicon at 7= 300 K turns out to be = 8.3-10!7 cm?3,
which is somewhat lower than usually used value
1.03-10'8 cm?3,

It should be noticed also that the condition S2.133
for the exciton Mott transition is quite general one and
thus is valid at much lower temperatures, too. The only
difference, in comparison to the case of high tempera-
tures, is that it is necessary to take into account possible
carriers degeneracy, which changes the expression for rp
in appropriate way. For instance, in the case of the de-
generacy in electron subsystem one has to use the follow-

o 2\/_q2m3/2(kT)1/2
Gz

ing expression:’p” =

= Jr
where m,, is the effective density-of-states mass for elec-
trons, F'| »(z) the first derivative of the Fermi-Dirac inte-
SQO0, 3(2), 2000

gral of the one half order over argument, Ep, the Fermi
energy for electrons measured from the conduction-band
edge.

Expression (4) can be approximated with a good de-
gree of accuracy by straightforward relation:

o dfeead o
D

which is typically used in literature.

Fig. 1 illustrates the dependencies of variational pa-
rameter 0 and exciton binding energy E, on . For a
comparison, binding energy dependencies are build both
with exact formula (4) and approximate one (5). As one
can see from this figure the approximate expression (5)
actually gives results very close to (4) in the entire Srange
up to the Mott transition.

In line with approach of [8, 9], neglecting the effects
of higher orders [10], the kinetic equations for continu-
ous flow of excess electron-hole pairs generated by mono-
chromatic laser excitation as well as for the flux of
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Fig. 1. Dependencies of a variational parameter d and an exciton
binding energy E, on the screening parameter 3. Solid E,(B)
curve is built using the exact formula (4), while the dashed with
circles one the approximate formula (5). E, is the exciton bind-
ing energy when screening is absent.
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excitons formed due to the Coulomb interaction between
carriers can be represented in the following form:

Wp _p, 3% _

ot A axz
[+ A (ng + An) + Cy (ng +4n)? +
Trn 6)
+Cp (g +An)AplAp - y3 ((Ng + An)Ap - n'h,) +

+all g exp(-a),

0An
ot

2
=Dy 2 AZX Ly Vi((ng + D) =n"ny ) » (1)

Ox Ty
where An and Ap are the bulk concentrations of excess
electrons and holes inside a semiconductor, T,, is the
Shockley-Reed-Hall life time, A4; is the constant of
radiative interband recombination, C,, and C, are the pa-
rameters of band-to-band Auger recombination for elec-
trons and holes respectively, y; is the probability of elec-
tron-hole pairs association into the excitons,
n"=nTexp -E./ kT) is the characteristic concentra-
tion of excitons in the case of ‘[hermodynamic3 equilib-
= NN, /Ny, N; =g (2nmikT/h2 2 is the
effective density of states (i=c,v,x), g; is the degeneracy
factor, m; is the effective density-of-state mass in the cases
of electrons and holes, m, =m, +m, in the case of exciton,
T, is the exciton radiative annihilation time, n, and An,,
are the total and excess exciton concentrations in crys-
tal, I, is the intensity of exciting monochromatic light
transmitted through the surface into a crystal in the spec-
tral region of fundamental absorption, a is the absorp-
tion coefficient, D4 and D, are the ambipolar diffusion
coefficients for carriers and diffusion coefficient for
excitons, respectively.

For definiteness, an n-type semiconductor with an equi-
librium bulk electron concentration 7, is considered. It
is supposed also that the hole concentration at an exter-
nal excitation exceeds substantially equilibrium hole con-
centration in the absence of excitation and thus An, On,.

The characteristic reduced time of exciton annihila-
tion, T, can be found from the rule for the sum of recipro-
cal times 7,” and 1, of radiative and nonradiative exciton
annihilation:

rium, n

11 1

B
Tx Ty Ty

@

P .

The system of equations (6)—(8) should be solved to-
gether with the following boundary conditions for the
flows:

dAp
a— |

Jp(x=0 ,d)=-D =0.d =FSo(a)Bp(x =0,d),0©)
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dAn,

ix(x=0,d)=-Dy =% |, o4 =

= ¥S*0(d)Any (x =0,d), (10)

where Sy ;) and $4) are the effective rates of electron-
hole recombination and exciton annihilation at the sur-
faces x=0,d of a crystal.

As a rule, at high temperatures, the time of exciton

dissociation ly;n"|  is substantially smaller than exciton
annihilation time, T,. Indeed, in accordance with esti-
mates of [1,8,11] the dissociation time of free excitons is
about 107125, which is several orders of magnitude smaller
than typical 7, values in all semiconductor materials. At
such conditions it is possible to refer the excitons only in
statistical sense, i.e their concentration n, can become
substantial only at high excitation levels due to a quad-
ratic growth of n, with concentration of nonequilibrium
carriers. The relaxation of nonequilibrium excitons has
to occur in this case within characteristic time which may
differ substantially from exciton annihilation time 7,.. For
example, at linear response of a system with regard to
major carriers, i.e. when An << ny, the effective relaxa-
tion time of excitons turns out to be the same as of excess
holes. This is expressed by the following formula:

O

D= (n0+nD)TxTr 1
not 40T, (D
where er 1s the effective hole lifetime when all electron-
hole recombmatlon ChannDels are taken into account. If
g <<n and TH‘O <<TyN then rD~rr In the case of
ng<<n" and 1 Eho >>Ty n" the effective relaxation time

should be 7= TXHD/HO.

In the considered model the approximate solution of
Eq. (7) has the following form:

Ny D%(no +An)Ap . (12)
n
Then, combining Eqs (6) and (7) as well as taking into
account Eq. (12), one can obtain for the case of station-
ary process at high excitation levels, i.e. when
An = Ap > ny, the following equation:

d?A 1
2 "I +Ang+ap) +
dX Trn

+Cn(no+Ap) +C (no +Ap)Ap]Ap +

+ZBUA52D

Da

(13)
Eﬂ”o + ZAIO)
B

(ng +Ap)Ap +al g exp(—ax) = 0.
n Ty
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Solution of Eq. (13) along with boundary conditions
(9) allows to obtain Ap as a function of the intensity of
exciting light. It should be emphasized that in the con-
sidered case the radiative and nonradiative exciton anni-
hilation, which is described by the fourth term in Eq. (13),
actually is equivalent to additional quadratic recombi-
nation of electron-hole pairs.

Radiation lifetime of excitons can be evaluated from
the principle of detailed equilibrium between absorption
and radiation in the region of exciton absorption. For
example, the estimates in [1,6] demonstrate that for indi-
rect-gap semiconductors it amounts to 103+10* s, while
for direct-gap semiconductors to ~ 10°2+10710 with the
tendency to decrease as the band-gap grows.

To estimate exciton nonradiative annihilation time
we have used a simple model described earlier in [2,6].
This model is based on the fact that the Wannier-Mott
exciton forms a region with a large local carrier density
ny ~ (4mug’/3). This concentration is sufficiently high
to initiate a pronounced Auger recombination process,
especially when deep impurities are involved. Really, in
conventional materials just this Auger recombination is
responsible for exciton nonradiative annihilation. As a
result the time of exciton nonradiative annihilation can
be expressed by the following formula:
tt =0 6N, (14)
where G is the constant of Auger recombination process
with impurity participation, N, is the concentration of
deep impurities. If the condition
Tin GN, <<l (15)
is realized then the exciton nonradiative recombination
can be neglected in comparison with exciton radiative
annihilation. It is clear from (15) that the role of exciton
nonradiative recombination via Auger mechanism be-
comes less important with decrease of the concentration
of deep impurities. The same effect is expected with n;

decrease, i.e. when exciton binding energy becomes
smaller.

On the other hand, taking into account excitonic tran-
sitions, the absorption coefficient in direct-gap semicon-
ductors at the absorption edge can be written in accord-
ance with [12] in the following form:
K (E;)=2mB\E, . (16)
where B is the same normalizing factor as in frequency
dependence of absorption coefficient when excitonic ef-
fects are neglected:

K(hv) = B(hv - E4)Y2. (17)

ie. B=292u%?1eY%ch®m,), ¢ is the light velocity
and m,, is the effective electron mass.
The probability of radiative annihilation of excitons

is proportional to K, (E,). From the relation

Kx(Egq yrR~ g2 / pum,, it follows that the ratio of

exciton radiative annihilation to exciton nonradiative re-
combination turns out to be higher for more «shallow»
exciton, i.e. for lower y and m,, values, which is one con-
firmation more for the validity of our previous conclu-
sions. At the same time the exciton contribution into ab-
sorption in accordance with (16) is larger for excitons
with higher binding energy.

In the Table 1 one can find the values of reduced
exciton mass, exciton Bohr radius, exciton binding en-
ergy as well as ny,, ny ,n" and n, at T=300 K for differ-
ent semiconductors. The values of n, have been obtained
for the case of Ap = An = 10! cm™.

The data in this Table are based on the information
presented in [1,6,13,14].

As one can see from this Table an explicit correspond-
ence exists between some important parameters in differ-
ent semiconductors in accordance with the above dis-
cussed qualitative dependencies. In particular, in such

Table 1.
Eg eV my apnm EypmeV  ny, 107cm? np, 108 em™ #7107 em®  n,=4p%n", 1016 cm™

Si 1.12 0.15 4.2 14.7 8.3 3.3 8 1.25
InP 1.35 0.06 10.7 6.0 1.32 0.195 1.46 6.83
GaAs 1.43 0.061 10.4 5.8 1.39 0.21 1.51 6.61
GaP 2.21 0.128 4.14 17 7.3 3.36 2.98 3.35
CdTe 1.47 0.084 6.9 9.6 2.88 0.733 2.11 4.74
CdSe 1.74 0.101 5.57 12 4.27 1.38 2.53 3.95
CdS 2.53 0.143 3.3 25 10.2 6.64 2.59 3.87
ZnTe 2.28 0.13  3.96 19 7.73 3.85 2.83 3.54
ZnSe 2.58 0.137 3.14 28 10.3 7.71 2.16 4.63
ZnO 3.2 0.146 2.87 32 12 10.1 2.04 491
a-ZnS 3.8 0.179 2.46 35 17 16 2.46 4.06

SQO0, 3(2), 2000
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semiconductors as GaAs and CdTe, where the internal
quantum efficiency of radiative recombination is close to
100 %, excitons are the «shallow» ones and the concen-
tration n; is relatively small. Values of ;, correspond to
critical concentrations of charge carriers at which these
exciton Mott transitions take place.

Let us consider the case of high excitation levels pro-
viding substantial nonlinear effects in a system of
nonequilibrium carriers. Then for uniform absorption of
exciting light inside the crystal and negligibly small sur-
face recombination rates at surfaces x =0, d the Ap de-
pendence on the intensity /; is determined by the follow-
ing formula:

01 O
G A (ng +Ap) +Cp (ng +Ap)® +C p(no +Ap)ApEx
rn

O

AP 'ng
- EVDD=GIO.(18)

'™ O

afs

The total intensity J,,,; of band-edge luminescence
can be found by calculating the following integral:

(ng +Ap)Ap

O
D00 F2 -
n T
x . H

xAp+

in
JTotal: D4i+
I8

O
—Lng +Bp(x))Ap(x) dx (19)

nrH

while quantum efficiency n for this process is determined
by the formula

dg 1 O
| EA t o %”0 +Ap(x))Ap(x) dx
0 X

n= (20)

lo(L-exp(-ad))
It should be pointed out that effect of reabsorption is not
taken into account in (19) and (20). Therefore, these equa-
tions actually are valid only for a plate with thickness d
less than the effective reabsorption length of emitted light
in a crystal.

Obtained with Eq. (18) theoretical dependencies of
excess electron (hole) concentration on intensity of ex-
ternal laser excitation for the cases of Si, GaAs and InP
are shown in Fig. 2. The parameters used to obtain these
dependencies are presented in Table 2, which is based on
the data of [1,6,15]. As one can see from the figure, high

20

10

Ap, cm3

10'° R RPN T S TR SR

10" 10*'  10®

I,, cm?s’!

Fig. 2. Concentration of excess electron-hole pairs Ap versus
intensity of exciting light /;, in different semiconductors.

Ap concentrations in Si can be achieved at lower levels of
excitation than in GaAs and InP. It is connected with
substantially larger value of the Shokley-Reed-Hall life-
time in Si comparing to GaAs and InP.

Figs 3 and 4 demonstrate the dependencies of total
photoluminescence intensity and quantum efficiency of
radiative recombination on the concentration of excess
electron-hole pairs in Si, GaAs and InP. As can be seen
from Fig. 3, total photoluminescence intensity in Si is
more than three orders of magnitude weaker than in GaAs
and InP for the used parameters providing the equivalent
values of absorbed radiation in all three materials. In the
cases of GaAs and InP an exciton luminescence yields a
substantial contribution into the total J value in the re-
gion of concentrations Ap < n,,/2 . In the vicinity of the
exciton Mott transition, a nonmonotonic behavior in
J(4Ap) dependencies is predicted. It should be particu-

Table 2.
T S T.,s A,cm?/s Cp,cm6/s C,cm®/s EykT n",em? ny,cm> d,mm a,cm’!
Si 3.8:102 103 1.510"% 103! 281031+ 0.567 1.4-10'® 8.3-1017 100 10
+2.5x%
10—22.Ap—1/2
GaAs 8107 4-10° 21010 461031 1.6:10%°  0.224 1.89-10'7 1.39-10'7 1 103
InP 5107 4100 3.6-10  8.7-103° 3.7-103"  0.232  1.84-10'7 1.32:10'7 1 103
154 SQO0, 3(2), 2000
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Fig. 3. (a) Ratio of total luminescence intensity J7,,, including
exciton contribution to pure band-to-band luminescence J,, ver-
sus concentration Ap of excess electron-hole pairs in Si, GaAs
and InP

(b) Dependencies of integrated intensity J7,,,; of photolumines-
cence on Ap for the same semiconductors. Dashed curves cor-
respond to the case when exciton contribution into luminescence
is not taken into account.

larly striking in the cases of GaAs, InP and other direct-
gap semiconductors.

Comparing Figs 3 and 4 one can easily understand
why silicon is worse light emitter than direct-gap semi-
conductors: it is due to earlier incorporation of band-to-
band Auger recombination with increase of excitation
level. Moreover, the larger is the Shokley-Reed-Hall re-
combination time the earlier this effect takes place. With
the used parameters the maximum quantum efficiency for
the luminescence in Si is achieved at Ap = 10! cm™3 . The
corresponding intensity of total luminescence is still small
in this Ap-region.

Conversely, maximum in quantum efficiency depend-
encies on Ap for GaAs and InP lies in the Ap-range
108 +10'° cm™3 where total luminescence intensities also
achieve sufficiently high values. Like in Si, this maxi-
mum is formed due to a substantial nonlinear increase of

SQO0, 3(2), 2000
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Fig. 4. Quantum efficiency of photoluminescence n versus con-
centration of excess electron-hole pairs 4p in Si, GaAs and InP.
Dashed curves illustrate the case when exciton effects are ne-
glected.

interband Auger recombination. Quantum efficiency in
these cases can be as high as 70-80 % in maximum.

To increase the intensity and quantum efficiency of
luminescence it would be desirable to obtain a material
where the advantages of silicon and direct-gap semicon-
ductors will be combined. Taking into account very high
levels of purification and, as a result, extremely large
values of the Shokley-Reed-Hall times achieved at the
present time in silicon it seems real to use this material as
a base. The only task is to obtain in one way or another a
direct-gap material on this base which enables to increase
the probability of radiative transitions both of band-to-
band and exciton types. For example, it can be done by
application of uniaxial pressure, or by using
nanocrystaline modifications as well as SiGe systems.

One more important point is that maximal quantum
efficiency for band-edge luminescence with account for
nonradiative channel of exciton annihilation is deter-
mined by the following ratio:

A +1/n"r
A; +1/nDl'; +nLGNt/nD

1)

7l max

Therefore, e.g. for GaAs n,,,, = 1 in the case of
GN,<<10? cm3-s’!. I.e. to achieve n =7 at N, = 1013 cm3
the Auger constant has to be G <<102* cm 5”1, which is
quite possible to obtain in this material.

Conclusions

In the present work an attempt has been made to evaluate
within simple approximations the role of excitons in band-
edge luminescence of semiconductors at high tempera-
tures and high levels of excitation. In fact, only qualita-
tive tendencies are analyzed and thus further theoretical
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and experimental investigations are necessary for more
detailed quantitative analysis. Nevertheless, it is shown
quite definitely that the contribution of exciton radiative
transitions into the total luminescence is, as a rule, com-
parable or even exceeds the contribution of conventional
band-to-band radiative transitions even at room tempera-
tures.

Peculiarities in dependencies of quantum efficiency
and luminescence intensity on excitation level are con-
sidered and analysed both for direct and indirect-gap
semiconductors. A contribution of nonradiative channel
of exciton annihilation into the total recombination rate
is evaluated, too. Obviously, in a number of cases this
channel is responsible for the formation in a subsurface
region of crystals of the so-called «dead» layer for exciton
radiative transitions and exciton luminescence from this
region.
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