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1. Introduction

Since silicon is indirect gap semiconductor it is character-
ized by substantially lower probability of interband radiative
recombination than direct gap materials. However, unlike
many other materials Si can be very effectively cleaned from
different impurities which are responsible for existence of
recombination levels. For example, [1-4] data give evidence
that characteristic time of Shockley-Reed-Hall nonradiative
recombination in silicon can be as high as 10-2 s, which is
the record large one among all semiconductor materials. At
the specified conditions and sufficiently high excitation level
the probability of radiative interband recombination can ex-
ceed the probabieity of nonradiative Shockley-Reed-Hall re-
combination. In this case, though limited by Auger recombi-
nation, quantum efficiency of radiative interband recombi-
nation has to increase substantially. In the present work this
problem is analyzed theoretically and some estimates are
made of both quantum efficiency of interband radiative re-
combination and its dependence on excitation level in highly
purified silicon at room temperatures.

2. Problem formulation

According to paper [5], at high excitation levels not only
quadratic recombination due to radiative interband transi-
tions occurs in Si, but Auger recombination due to traps as
well. The last one is also quadratic over carrier concentra-
tion and depends linearly on impurity concentration. Most
likely, it is just the Auger recombination that gives dominant
contribution in works [6, 7] where investigation of recombi-

nation processes in Si at laser excitation levels has been
made. This recombination is ignored in the present work
because the unique case of extremely small concentrations
of deep impurities is considered here.

Up to date the value 2⋅10-15 cm3⋅c-1 has been used for the
constant Ai of interband radiative recombination in silicon
at T = 300 K [8,9]. However, in paper [10] more precise value
Ai ≅ 1.5⋅10-15 cm3⋅c-1 was obtained using data of [11] on the
absorption coefficient in the region of absorption edge of
high quality Si. This Ai  value was determined with the stand-
ard detailed balancing method. Within the framework of this
method the flux of radiative recombination is equal to the
optical electron-hole generation flux caused by the absorp-
tion of equilibrium photons in Si. We have used this last Ai
value in calculations for the present work.

To find concentration of excess electron-hole pairs at an
arbitrary level of monochromatic excitation one has to solve
the following ambipolar diffusion equation:
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Upper sign in the right hand side of Eq. (2) has to be taken
for x = 0 and the lower one for x = d, D(x) is the ambipolar
diffusion coefficient, ∆n(x) the concentration of excess elec-
tron-hole pairs generated by an external excitation,
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is the probability of bulk carrier recombination, τr(x) is
Shockley-Reed-Hall life time, Cp and Cn are the constants of
interband Auger recombination for holes and electrons re-
spectively, x is the distance from the front illuminated sur-
face of the sample, p0 is equilibrium hole concentration in p-
type semiconductor, a(λ) and rs(λ) are the absorption and
reflection coefficients for the monochromatic exciting light
with the wave length λ, I0  is the intensity of exciting light, d
is the sample thickness, jn(x = 0,d) is the carrier flux at the
sample boundaries, s0(d) is the surface recombination rate at
the front and rear surfaces of the sample.

In a general case D(x), τr(x) and s0(d) are the functions of
excitation level. Ambipolar diffusion coefficient is given by
the following formula:
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It depends on excitation level both directly through the
carrier concentration ∆n(x) and indirectly through the diffu-
sion coefficients of electrons Dn(x) and holes Dp(x) which
can change their values at high excitation levels due to in-
creased electron-hole scattering [12,13]. According to [12],
if the temperature is high enough the electron-hole scatter-
ing in lightly doped Si has noticeable effect only in the region
of ∆n(x)/p0 >> 1. At extremely high excitation levels this scat-
tering is responsible for disappearance of a difference between
electron and hole diffusion coefficients and their saturation.
Estimated diffusion coefficients vary only slightly with excita-
tion level in the region of interest (changes in D do not exceed
two times). Therefore, the influence of D(x) variations on the
considered effect is very weak comparing to the influence of
strong changes (orders of magnitude) in t(x). Moreover, in
the region of dxxDxL d >>τ= )()()(  the effect is com-
pletely insensitive to a specific D(x) value. For this reason
we confine here our consideration to the case of D(x)=const.

In accordance with Shockley-Reed-Hall statistics the bulk
carrier lifetime τr(x) for the process of nonradiative carrier
recombination through the recombination centers is ex-
pressed by the following formula:

)(
))exp()((
)(

))exp()((
)(

00

0

00

0

xnpn
nxnp

xnpn

nxnn
x

rin

rip
r

∆++
ε−+∆+τ

+

+
∆++

ε+∆+τ
=τ

  ,    (5)

where τp = (spVTNr)-1 , τn = (snVTNr)-1 , σp and σn are the
cross sections of hole and electron trapping by a recombi-
nation center, VT  the thermal velocity, Nr the concentration
of recombination centers, εr = (Εr - Εi)/kT the dimensionless
recombination center energy measured from the center of a
bandgap, n0 and ni are the equilibrium electron concentration
and that of electrons in intrinsic semiconductor respectively.

Two cases of surface recombination are considered:
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The first case is realized when ∆n(x) >> p0 and a deple-
tive initial band bending at surfaces of a semiconductor plate
takes place. The second case expressed by Eq. (7) is realized
when the following requirements are met: a) concentration
of excess electron-hole pairs inside a semiconductor is much
less than equilibrium surface electron concentration (if in-
verse conductivity at surfaces takes place); b) concentra-
tion of surface states is much less than surface concentra-
tion of excess electrons (if inverse conductivity takes place)
or excess holes (if accumulation occurs at the surfaces).

Quantum efficiency of radiative interband recombina-
tion can be found using the following formula:
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Of course, previously it is necessary to solve Eq. (1)
taking into account Eqs. (2)-(7) and find ∆n(x) function.

3. Results and discussion

Eq.(1) has been solved numerically using following spe-
cific values of parameters: Cp = 10-31 and Cn = 2.8⋅10-31 cm6⋅s-1

[14], D = 18 cm2⋅s-1, p0 = 1014 cm-3. For Shockley-Reed-Hall
lifetime the value tr = 20 ms was used in all considered cases
except those illustrated in Fig. 3(b, c). Intensity I = I0(1-rs) of
the exciting light passed through the front surface into semi-
conductor has been varied from 1014 to 1022 cm-2⋅s-1. Only
the case of equal surface recombination rates at the front
and rear surfaces has been considered when using Eq. (6).
Spectral dependency of absorption coefficient α(λ) was
taken from paper [15].

Fig. 1 illustrates dependencies of the concentration of ex-
cess electron-hole pairs ∆n on the distance x from the front
surface for the case of plate thickness d = 100 mm. Curves are
built at different values of the excitation intensity I. As one can
see from this figure the dependencies ∆n(x) become linear
with decrease in intensity I, and at I < 1020 cm-2⋅s-1 ∆n(d)
differs from ∆n(0) no more than by 10 % (it means that in
this case local diffusion length).

Dependencies of the excess carrier concentration at x = 0
on the intensity I are given in Fig.2. Steep parts of curves at
relatively low intensities correspond to linear increase in
∆n(0) with I. At s0(d) ≠ 0 such behavior is provided by the
dominant contribution of the first τr-term in Eq. (3), i.e. it is
connected with Shockley-Reed-Hall recombination. At s0(d)
№ 0 the surface recombination is responsible for steep slopes
of curves. In a narrow transition region of intensities quad-
ratic (radiative) and cubic (Auger) recombination begin to
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play predominant role thus giving ∆n(0) ~ I1/3 low at higher
intensities. As one can see from Fig.2 the more is the value
of s0(d) the higher intensities I are required to reach the tran-
sition region.

Fig.3(a) illustrates the dependencies of quantum effi-
ciency of interband radiation on the intensity I of exciting

light passed through the front surface into the crystal. Sur-
face recombination rate served as a curve parameter. Curves
(1)–(5) correspond to the case of Eq.(6) with surface recom-
bination rate independent of excitation level, while curves
(6)–(8) to the case of Eq.(7). As one can see from this figure
the more is surface recombination rate s0(d) the less is quan-
tum efficiency η. The region of η increase with the intensity
corresponds to the dominant contribution of bulk Shockley-
Reed-Hall recombination (curves 1, 2 and 6) or surface re-
combination (curves 3, 4, 5, 7 and 8) while the region of η
decrease to the dominant role of Auger recombination. The
more is s0(d) value the more is the displacement of the maxi-
mum in η(I) dependencies into the region of high intensities.
For the case of negligibly small surface recombination the
maximal calculated quantum efficiency reaches the value of
about 15% which is several orders of magnitude larger than
observed earlier in experiments. It is caused mainly by the
fact that the bulk Shockley-Reed-Hall lifetime in conventional
material is 1–10 µs which is 3–4 orders of magnitude lower
than in highly purified silicon with very low concentration of
deep impurities and defects.

It is seen also from this figure that in the case of s(∆n)
functional dependency (Eq.(7)) the quantum efficiency de-
creases substantially even if at low intensities the surface
recombination rate is lower than 1 cm⋅s-1. In the region
∆n >> p0 this functional dependency simulates quadratic
recombination. Therefore in a common case a problem arises
of discrimination between this mechanism of recombination
and the bulk Auger recombination involving impurities.

In Fig. 3(b) the dependencies η(I) at different values of
Shockley-Reed-Hall lifetime τr are shown for the case of zero
surface recombination rate. It is seen that decrease in τr leads
to decrease in quantum efficiency of radiative recombina-
tion with displacement of maximal η values in the region of
high intensities (curve 7). Nevertheless, even with τr de-
crease by three orders of magnitude quantum efficiency de-
creases only by one order of magnitude thus staying mark-
edly large.

Fig. 3(c) illustrates the influence of functional changes in
Shockley-Reed-Hall lifetime (see Eq. (5)) on quantum effi-
ciency at intermediate excitation levels in the case of negligi-
bly small surface recombination. As one can see from this
figure the indicated influence takes place only at relatively
moderate excitation levels and practically doesn’t change η
in the region of its maximum. Moreover, as it follows from
above analysis, in p-Si material with a bulk recombination
level of the donor type near the center of bandgap the case of
τr(∆n(x)) = const is realized and thus no influence has to be
observed. An analogous situation takes place in a semicon-
ductor of n-type if the recombination level is of acceptor type.

In Fig. 4 spectral dependencies of quantum efficiency
are shown for the excitation intensity I0 = 3⋅1019 cm-2⋅s-1.
Surface recombination rate served as curve parameter. It is
seen from this figure that flattening of dependencies occurs
in the region of short wave lengths. The larger is the value of
surface recombination rate the lower is quantum efficiency.
Taking into account a decrease in excess concentration ∆n(x)
near absorption edge due to incomplete absorption of long-
wavelength light passed into the crystal, it becomes appar-
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Fig.2. Concentration of excess electrons at the front surface (x = 0)
of Si plate as function of excitation intensity I . Surface recombina-
tion rates s0(d), cm⋅s-1: 0 (curve 1), 10 (2), 100 (3) and 1000 (4).
Parameters used: λ = 0.5 µm, d = 100 µm.
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ent that spectral dependencies of quantum efficiency corre-
late with η(I) dependencies shown in Fig. 3(a).

Quantum efficiency dependencies on thickness d of Si
plate are shown in Fig. 5. In general, expression (8) for η is
valid only in the case if zero reabsorption of interband radia-
tion take plase. Obviously, for a plate of large thickness the
reabsorption lowers quantum efficiency, and therefore it is
necessary to take into account this effect to obtain more
realistic η values. We accounted for reabsorption by simply
multiplying expression (8) into 1/(1+a*d) factor, where a* is
the experimental value of absorption coefficient at Si
bandgap energy. According to [11] this value is 1.5 cm-1. It
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Fig.3. Quantum efficiency of interband radiation as function of exci-
tation intensity I for the case of λ = 0.5 mm and d = 100 µm.
(a) The intensity-independent surface recombination rates s0(d),
cm⋅s-1: 0 (curve 1), 1 (2), 10 (3), 100 (4) and 1000 (5). Coefficient
s in expression (7) for the case of functional dependence s0(d)(I),
cm⋅s-1: 0.01 (curve 6), 0.1 (7) and 1 (8).
Shockley-Reed-Hall life time tr = 20 ms.
(b) The intensity-independent Shockley-Reed-Hall life times tr , ms:
40 (curve 1), 10 (2), 4 (3), 1 (4), 0.4 (5) and 0.1 (6). Surface recom-
bination rate s0(d) = 0.
(c) The intensity-dependent Shockley-Reed-Hall life times tr accord-
ing to Eq.(5): τp = 0.1 ms, τn = 20 ms, Er-Ei = 0.4 eV (curve 1); τp = 20
ms, τn = 0.1 ms, Er - Ei  = -0.4 eV (curve 2); τp = 0.1 ms, τn = 20 ms,
Er - Ei = 0.2 eV (curve 3); τr = const = 20 ms (curve 4); τp = 10 ms, τn
= 10 ms, Er - Ei = 0 (curve 5); τp = 20 ms, τn = 0.1 ms, Er - Ei = -0.2 eV
(curve 6). Surface recombination rate s0(d) = 0.
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is seen from this figure that at small thicknesses quantum
efficiency increases with d due to relative enlargement of
bulk recombination effect at this stage. Then η passes
through the maximum and begin to decrease at relatively
large thicknesses due to the increased role of reabsorption
effect. Remarkably large difference between η values in the
region of large thicknesses for different s can be explained
by the fact that the dependencies in this figure correspond
to a specific case of highly absorbed excitation. Under weak
absorption this difference will be substantially lower.

Finally, to evaluate the influence of many-particle ef-
fects on the obtained results, quantum efficiency of radiative
recombination in p-Si has been calculated taking into ac-
count both electron-hole interactions (exciton effects) and
electron-electron interactions which can correct radiative
interband and nonradiative Auger recombination [16,17].
These effects are responsible for the increase in both
radiative recombination probability (larger Ai constant) and
Auger parameter for electrons. Moreover, the latter becomes
dependent on the excess carrier concentration. At such con-
ditions experimentally determined Ai value for Si at T = 300
K is 3⋅10-15 cm3/s [2], while theory gives higher value Ai ≈
6⋅10-15 cm3/s [16]. For ∆n in the region 1015 ÷ 1019 cm-3

Auger recombination parameter for electrons in accordance

with experimental data of [17] can be approximated by the
following formula:
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Fig. 6 illustrates the corresponding dependencies of
quantum efficiency of radiative interband recombination on
excitation light intensity for the case of s0(d) = 0. It is clear
from the figure that principal consequences of the consid-
eration without many-particle effects are valid, although
many-particle effects somewhat lead to changes in η value.

Conclusions

In the present work it is shown theoretically that quantum
efficiency of interband radiation in highly purified silicon
under room temperature may be as much as 20%. On the one
hand, it is caused by uniquely large values of bulk Shockley-
Reed-Hall lifetime and, on the other hand, by negligibly weak
Auger recombination with participation of deep impurities
in such Si crystals. It is shown that in this case surface
recombination can be responsible for substantial decrease
in quantum efficiency. Most likely the record quantum effi-
ciency values can be obtained in Si-SiO2 structures with low
density of surface states.
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