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Exciton-enhanced recombination in silicon at high
concentrations of charge carriers
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Abstract. The interrelation between processes of electron-hole recombination and annihila-
tion of excitons in silicon is examined. It is shown, that recombination processes can be
essentially influenced by the exciton annihilation at high concentrations of non-equilibrium
or equilibrium charge carriers. In n-type material a correlation between Shockley-Reed-Hall
lifetime values and a square-law recombination coefficient is found. This correlation is ex-
plained in terms of assumption that both Shockley-Reed-Hall lifetime, and non-radiative
exciton annihilation time constant responsible for a square-law recombination, are deter-
mined by the same deep level. It is stated, that the mentioned regularities should essentially
affect the bulk lifetime values in n-type silicon at doping concentration exceeding 106 ¢cm™3.
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1. Introduction

Due to technology improvements and usage of perfect
mono-crystalline silicon with high lifetime of minority
charge carriers the conversion efficiency of silicon solar
cells (SC), n, was enhanced up to 24 % in AMI1.5 stan-
dard terrestrial conditions [1]. It was shown, that in such
high-efficiency SC n value can be affected not only by
Shockley-Reed-Hall recombination but also by both
band-to-band photon-emitting and Auger recombination
mechanisms. In a number of papers [2-9] was shown, that
generation-recombination processes in silicon can be in-
fluenced by effects, particularly, exciton-related, result-
ing from multi-particle interaction of charge carriers. In
the present paper is shown, that non-equilibrium pheno-
mena analyzed in [2-9], do not exhaust all possible mecha-
nisms for exciton participation in recombination of non-
equilibrium charge carriers in silicon. In particular, due
to examination of experimental results [4,5,10-16] related
to investigation of bulk lifetime change with concentra-
tion of mobile charge carriers, a correlation between
Shockley-Reed-Hall lifetime, 7,, and square-law recom-
bination coefficient, 4, was found in n-type silicon. The
results obtained testify to essential role of non-radiating
exciton annihilation performing as Auger recombination
with participation of deep impurity centers.
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2. Theory

According to approach developed in [17-19], a continu-
ity equations for excess free electron-hole and exciton
fluxes generated in the semiconductor by monochromatic
radiation, in neglect effects of highest orders [20], can be
written as:
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Here An is a concentration of excess electron-hole
pairs in the sample bulk, 7,,, — Shockley-Reed-Hall life-
time, 4y — a square-law recombination coefficient, re-
lated both to photon-emitting band-to-band recombina-
tion and to impurity-assisted Auger recombination [21],
C, and C, — parameters of the band-to-band Auger re-
combination for electrons and for holes, y;—a probabil-
ity for electron-hole pair coupling into excitons, ¥y, —a
probability for exciton dissociation, T, - lifetime deter-
mined by annihilation of excitons, n,and An, — total
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and excess concentrations of excitons in a sample, I —in-
tensity of light penetrated into a sample,a — light absorp-
tion coefficient, D 4 and D, —coefficients of an ambipolar
diffusion of electron-hole pairs and diffusion of excitons, 1
— equilibrium concentration of electrons in the bulk of n-
type silicon. At a spelling of equations (1) and (2) it was
supposed, that An, On, , and the non-equilibrium hole
concentration p considerably exceeds an equilibrium value
po and is equal to an excess concentration of electrons An .
Besides, it was assumed that optical generation occurs due
to transitions in the region of band-to-band absorption.
The total time of exciton annihilation, T, can be de-
fined by addition of inverse times related to photo-emitting,
T’ , and non-radiating, T , annihilation of excitons, i.e.:
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The set of equations (1) - (3) should be supplemented
by appropriate boundary conditions:
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where S ; and SO 4 —¢effective velocities of electron-hole
recombination and exciton annihilation at surfaces lo-
cated at x =0, d. Note, that similar to (1) and (2) set of
equations was solved in [8] for the case of linear excita-
tion level with taking into account the generation in
exciton absorption region.

The time of exciton dissociation in silicon, yz , 18
approximately equal to 1012 s at 7= 300 K [9], while the
time of their annihilation essentially exceeds the men-
tioned value [22,23]. For this reason the solution of the
equation (2) can be written as:

n, Dﬁ(no + An)An. (6)
V2

On the other hand, according to the approach, devel-
oped in [7-9],

1
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where
n' = —=
N kT% ®)
N, N,and N, — effective densities of states for electrons,

holes and excitons, E, — exciton binding energy. Com-
paring (6) and (7), we obtain:

Y2 .
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The quantityn” for silicon at a room temperature was
evaluated in [7] and was shown to ben” = 8107 cm™ in
approximation of negligible screening of a Coulomb inter-
action between electrons and holes. With taking the screen-
ing into consideration, the energy of a basic state of Mott-
type exciton in a non-degenerate semiconductor can be
represented similarly to [8] as:

) % o +20n ’252
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where n,, — critical concentration, at which Mott transi-
tion for excitons occurs (7,, = 10'® cm in silicon at 7'=
300 K). At room temperatures given by (10) regularities do
not result in strong change of n° value. However, the change
can be essential at low temperatures.

Combining the equations (1) and (2) with taking into
account (6) and (9) gives:

(10)
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The estimations carried out with usage of values Dx =
17 cm?/s [7] and D4 = 18 cm?/s show, that atAn > 10!7
cm™ the concentration of excitons becomes comparable
to concentration of electron-hole pairs. Essential also there
is a contribution of exciton component to a total diffu-
sion flux, while the equation (11) becomes non-linear.

In[23] was noted, that as the quantum yield of exciton
luminescence in silicon is about 0.01 %, it means, that
the main mechanism of exciton annihilation is the non-
radiating channel. If we assume T, = 107 s [22], than the
value of 1/n"1 . = 101! cm®! can be obtained. This quan-
tity is four order of magnitude more high, than a value of
band-to-band photon-emitting recombination constant
[24]. Therefore annihilation of excitons can rather es-
sentially affect an effective lifetime of electron-hole pairs,
and its dependence on concentration appears to follow
square-law relation. For an explanation of low values of a
non-radiating exciton annihilation time the mechanism of
Auger recombination was attracted [5, 6, 23, 25, 26].

For further estimations we shall use a simple approach
offered in [5]. This approach is based on the assumption,
that under exciton formation a high local density of elec-
tron-hole pairs n; = 1/ (4/3) m% appears, whereapg is
the Bohr radius of an exciton. So, having substituted a g va-
lue for silicon, equal to 4.2 nm, we obtain n; = 3.25:10'8 cm™
As this concentration is high enough for exhibiting of Auger
recombination, in particular, with participation of deep im-
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purity centers, the mentioned recombination can be re-
sponsible for non-radiating annihilation of excitons. In
this case the following relation is valid:

1t " :nLGNt’ 12)
where G is a constant of the impurity-assisted Auger re-
combination, and N, is a concentration of deep impurity
centers.

In the case of homogeneous excitation, when the sur-
face recombination is small enough and does not affect
an effective lifetime, it is possible to write:

An = O(IO [j'ef . (13)
where
1 01
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3. Analysis of experimental data and discussion

We shall analyze now experimental results concerning
dependence of effective recombination lifetime, T,z , on
bulk concentration of mobile charge carriers in silicon
[4,5,10-16]. In the majority of cited publications T.; was
determined from transient response of IR flux modulated

by photon absorption on mobile charge carriers inside
semiconductor. Initial concentration of mobile carriers
in the sample was changed either by optical excitation,
or by variation of doping impurity concentration. At
processing experimental results the formula (14) was uti-
lized in the case of n-type silicon, and formula

1 U
— =G—+A(ny +n)+
Ty Hmw (16)
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in the case of p-type silicon, where 7, is Shockley-Reed-
Hall lifetime in a p-type semiconductor. At comparison
of experimental data and theoretical curves the band-to-
band Auger recombination coefficients, C,, and C p > were
utilized as fitting parameters, while 7, values were taken
directly from appropriate experimens. Besides, to specify
the shape of concentration dependence of Auger recom-
bination coefficient for electrons, C, , experimental
curve C, (n) [3] was analyzed, Fig. 1. It was established,
that in n-type silicon a good agreement of experimental
and calculated C,,(n) curves can be obtained at usage of
the empirical formula

— =31 6
C, =(.800 +0—)cm s 17)

Note, that C,,(n) relation shown in [3] for 7= 70 K,
can be circumscribed by the following expression:

Table
T,, s A, cm?/s T,[A, cm? Comments
1.800° 150011 2700016 n-type [10]
3.80102 2500 0.95000°16 n-type [11], orient.<111>
50073 30074 1,500°16 n-type [11], orient.<100>
901073 30014 2700716 n-type [13]
3.470007 130013 4500716 n-type [14]
901073 30014 2700716 n-type [4]
20007 110012 22005 n-type [4], T = 80K
20000 5001 10 p-type []
11007 110012 121000 p-type [15]
1.3007 101 1.300°16 p-type [4]
11007 1200012 1.300716 p-type [4], T = 80K
6.2007 30075 1.8600°18 p-type [13]
7007 3005 210077 p-type [15]
5007 2500 1.250017 p-type [12]
20007 1014 20007 p-type [12]
2004 40014 81078 p-type [12]
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Fig.1. Concentration dependence of the Auger recombination
coefficient for electrons C, (dotes, [3]), and its approximation by
the formula (17) (line).
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Experimental and calculated for various concentra-
tions of charge carriers (either equilibrium, or non-equi-
librium) 1 E}l values are plotted in Fig. 2. It is seen, that in
n-type silicon a good agreement of experimental and cal-
culated Te_fl values exists in a wide range of concentra-
tion change, if given by (17) C,,(n) relation is used. On
the contrary, in a p-type silicon the agreement is observed
only at fixed value of parameter C,, = (1+1.6) 103! cm%s.

Experimental values of Shoclé]ley-Reed-Hall lifetime
T,, as obtained in a variety of papers for n- and p-type
silicon samples (in particular, at 7= 80 K [4]), are given
in the Table. Here also given are the values of both square-

s-1

1/t

log n

Fig. 2. Theoretical (lines) and experimental (points) concentra-
tion dependencies of an inverse value of bulk minority carrier
lifetime ( ® and O -[11], ® and O-[4], A-[10]).

8

law recombination coefficient 4 and T, A product, at which
theoretical and experimental curves might be fitted in the
best way. It is seen, that the lowest experimental 4 values
are about =3-10"5cm/s. Close to indicated 4 value was
obtained theoretically in [2], where only the photon-emit-
ting exciton annihilation was taken into account. Thus,
as obtained in [24] coefficient for photon-emitting band-
to-band recombination is equal to 1.5-10"1> cm¥/s (in ne-
glecting exciton effects), by substituting 4 = 3-1015 cm™/s
into (15) it is possible to estimate the time of photon-emit-
ting exciton annihilation at a room temperature: T\ = 1073s.
In n-type samples A values essentially exceed (except for
one case) the quantity 3-10"13 cm™3/s. It means that in the
majority cases a non-radiating annihilation of excitons
dominates in n-type silicon. Moreover, as the T, A pro-
duct in n-type silicon at 7= 300 K is nearly constant and
equal to (3 £ 1.5)-10°1% cm™3 (see also Fig. 3), the same
deep centers can be responsible both for Shockley-Reed-
Hall recombination and non-radiating exciton annihila-
tion, on one hand, and for bulk generation within close
to surface field-induced non-equilibrium depletion layer
[27], on the other hand. These centers are energetically
located closely to the middle of forbidden gap and have
approximately equal capture coefficients for electrons and
holes (= 10”cm?/s). Note, that accordingly to [28], G value
weekly depends on the nature of deep centers, and is af-
fected, mainly, by their energetic position.

For illustration, we shall analyze experimental data
obtained in [5] for the case, when one deep Au-related
acceptor level with energy E,=E.-0.55¢V and capture
coefficient for holes 2:10° cm?¥/s is responsible for re-
combination. It is seen from Fig. 3 of [5], that in the case
of low excitation level a lifetime value of 3-1077s at elec-
tron concentration 1.1-10'7 cm™ is valid, and the effec-
tive capture coefficient C*, related to exciton-enhanced
Auger recombination, is equal to 5-108 cm3/s. By use of

A 1, cm’

10" F
[ ]
[ ] [ _J
[ ]
[ ]

10°F o
10—17 -
10’18 1 1 1

10° 10 1078 1072

T, S

Fig. 3. Change of the product of a square-law recombination
coefficient 4 on Shockley-Reed-Hall lifetime 7,, with variation
of 1,, value at 7 = 300 K.
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and —

TN, T, n

formulae C”'=

GN .. .
L u, it is possible

to determine quantities G and N,, which appear to be
9.7-102 cm®/s and 6.7-1013 cm3, respectively. So, in last
case a low-signal lifetime is also determined by exciton-
enhanced Auger recombination, that was convincingly
verified in papers [5,6].

Reduced in the table low-signal lifetime values corre-
spond to a case when the concentrations of both doping
impurities and recombination centers are low, i.e. when
the usual Shockley-Reed-Hall recombination mechanism
is dominant. For example, having taken 7, =9-1073s [4]

from the table, by use of the formula TL =CpN, one
r

can find, that at Cpt=2~10'9 cm?/s and N,;=5.6:10%m"3.
The quantity 4, obtained with taking into account the
defined above G and N,; values, appears to be equal to
2.5-1014cm’/s. That is close to the value 3-10714 cm?/s
determined experimentally on the base of [4]. The prod-
uct T, A thusis equal 2.25-10"1°cm?, that is also in agree-
ment with experiment [4].

If C,, and G are not dependent on temperature, than
the temperature change of 4 is wholly defined by n" (T')

E
dependence and can be written as Bexp(k—;)/ T3/ 2,

where B is temperature-independent constant. The cal-
culated ratio of A4 values at 80 K and 300 K, thus, is
equal to 35. The experimental ratio in this case, as seen
from the table, is equal to 36, that practically coincides
with the calculated one. At last, plotted in Fig. 3 of [5]
experimental data, related to Au-doped n-type silicon,
also allow to find the indicated ratio. It appears to be 33,
that is also in good agreement with calculated result. Thus,
practically all available for n-type silicon experimental
data can be explained in terms of the discussed above
non-radiating exciton annihilation mechanism. Note,
that as follows from the comparison of the second item in
(18) and shown in the table 4 value (related to n-type
silicon at 80 K [4] and equal to 1.1:10"12 cm?/s), the most
probable in this case appears to be exciton-enhanced
band-to-band Auger recombination mechanism.
Another regularities are observed in a p-type silicon.
At high enough 7, values in this material photon-emit-
ting exciton annihilation appears to be dominant. That
is evident from the value of a constant A4, obtained in
paper [2] with taking into consideration exciton effects.
But in that cases, when the non-radiating exciton annihi-
lation becomes dominant, the value of the T, 4 product,
as a rule, appears to be much less, than in n-type silicon.
As follows from [28], it is due to the fact, that in p-type
silicon the probability of impurity-assisted Auger recom-
bination is much lower, than in n-type. The especially
low T, A product values are observed is a highly-doped
p-type silicon [5] at py > 10'8cm™3, when Mott transition
becomes responsible for exciton disappearance. It should
be noted, that responsible for a square-law recombina-
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tion exciton-related effects were observed also in other
semiconductors [19, 23, 25, 26].

Conclusions

Thus, as shown in the present work, the non-radiating
exciton annihilation with participation of impurity-as-
sisted Auger recombination can be responsible for a
square-law recombination in zn-type silicon in the majo-
rity of cases. Due to that the performance of silicon-based
photoelectric devices operating in a high-injection mode
can be essentially influenced by non-radiating exciton an-
nihilation not only at high, but also at low 7, values. Re-
ally, in view of the obtained correlation an effective lifetime
in neglect by the Auger recombination can be represented
as 7, /(1+9, []]0_16(110 +An)), whered, =3+1.5.Thus,
atny>10'°cm -3 bulk lifetime value becomes much less than
Shockley-Reed-Hall lifetime, and this circumstance should
be taken into account. On the other hand, similar regulari-
ties should be observed not only in silicon, but also in
other wide-gap semiconductors in which excitons exist at
room temperatures.
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