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Ultra-low values of the absorption coefficient for band–band transitions
in moderately doped Si obtained from luminescence

E. Dauba) and P. Würfelb)
Institut für Angewandte Physik, Universita¨t Karlsruhe, D-76128 Karlsruhe, Germany

~Received 6 February 1996; accepted for publication 12 July 1996!

The absolute value of the absorption coefficientabb(\v) for band–band transitions near the band
edge was determined in moderately doped silicon by photoluminescence spectra analysis. The major
advantage of this method in determiningabb(\v) is the lack of interference with free carrier
absorption, in contrast to conventional methods like transmission or photothermal deflection
measurements. We deduce values forabb(\v), which are nearly five orders of magnitude smaller
than the absorption coefficienta f c(\v) for free carrier absorption. With this method it is possible
to examine in detail the influence of doping on the absorption coefficient for band–band transitions
near the absorption edge. The appearance of band tails and band-gap narrowing are very well
reflected. With conventional methods, which can only detect the overall absorption of the incident
radiation, the determination ofabb(\v) in the vicinity of the band edge is impossible for
moderately and heavily doped silicon, because it is completely masked by the free carrier
absorption. ©1996 American Institute of Physics.@S0021-8979~96!03220-3#
re
e

ons

i-

e-

the
al
0

on
-
to

si-
h
n.
the
–

ter-

an
I. INTRODUCTION

The spontaneous emission rate via direct and indire
transitions is described by the generalized Planck radiat
law with a non-zero chemical potentialmg of the photons.1

In a recently published paper,2 this generalized Planck law
was used to determine ultra-low values for the absorpti
coefficient of lightly doped silicon. At a temperature of 90 K
values as small as 10216 cm21 could be obtained from pho-
toluminescence spectra for photon energies well below
band gap. In this paper we want to present a method for
analysis of photoluminescence data, which is especially u
ful to determine absolute values of the band to band abso
tion coefficient abb(\v) in the case of moderately and
heavily doped silicon for photon energies near and below t
indirect band gap.

In the following we will first describe the theory for the
analysis of the luminescence spectra and, using thermo
namic arguments, we will show that, as a major advantage
our method, there is no interference with the free carri
absorption in the determination ofabb(\v). Like photolu-
minescence excitation spectroscopy~see, for example, Ref.
3! our method is only sensitive to band–band transitions, b
in contrast to these measurements, we are able to determ
absolute values forabb(\v) near and well below the band
edge by making use of reabsorption processes inside
sample. After these remarks we will take a short look at t
experimental setup, which is designed for these transmiss
photoluminescence measurements and deviates therefor
one special point from the usual setup. Subsequently we w
present experimental data of the luminescence spectra
moderately doped silicon and the absorption coefficie
abb(\v) derived from these spectra. In this context we wi
give a short discussion concerning the influence of hea

a!Present address: Wacker Siltronic AG, Postfach 1140, D-844
Burghausen, Germany.

b!Electronic mail: Peter.Wuerfel@physik.uni-karlsruhe.de
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doping on band-gap narrowing and band tails. Furthermo
we want to explain how the different values published for th
band-gap narrowingDEg as derived from photolumines-
cence or transmission experiments can be understood.

II. THEORY

The spontaneous emission rate for band–band transiti
drem(\v) of photons with energy between\v and
\v1d\v into the solid angleV is given by2

drem~\v!5abb~\v!
cgDgV

expS \v2mg

kT D21

d\v. ~1!

abb(\v) is the absorption coefficient for band–band trans
tions, cg5c0 /n is the velocity of light in the emitting me-
dium with refractive indexn, andDg5n3(\v)2/4p3\3c0

3

the density of states per solid angle for photons in the m
dium. The chemical potentialmg of the emitted photons is
equal to the difference,eF,C2eF,V , of the quasi-Fermi ener-
gies, which describe separately the occupation of states in
conduction and in the valence band. In chemical and therm
equilibrium with the surrounding blackbody radiation of 30
K, eF,C2eF,V5mg50 and Eq.~1! reduces to the original
Planck law for thermal radiation. The spontaneous emissi
rate in Eq.~1! is not directly observable. It has to be inte
grated over the emitting volume, taking reabsorption in
account. Photon recycling4 is already contained in Eq.~1!.
Reabsorption of photons can occur through interband tran
tions, and, especially in heavily doped silicon, also throug
intraband transitions in the form of free carrier absorptio
The process of reabsorption is therefore described by
sum of the absorption coefficients for free carrier and band
band absorption bya tot(\v)5a f c(\v)1abb(\v). The
spontaneous emission rate, however, is dominated by in
band transitions, which are characterized byabb(\v). Free
carrier emission as the reversal of free carrier absorption c

79
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be neglected as is shown by the following consideration
which hold forn-type silicon, but are valid forp-type mate-
rials as well.

The emission and absorption of photons in the case
interband transitions is described by the following reactio
between photonsg, electronse, holesh, and phononsG2:

g
e1h6nG. ~2!

In indirect materials like silicon, the absorption or emissio
of a photong with energy\v in band–band transitions is
accompanied by the absorption or emission of at least o
phonon for momentum conserving reasons. From thermo
namic arguments the equilibrium of this reaction is given b

mg5he1hh6nmG5eF,C2eF,V6nmG . ~3!

The sum of the electrochemical potentials of electrons a
holeshe1hh is equal to the difference of the quasi-Ferm
energies. The chemical potentialmg of phonons is zero as in
thermal equilibrium, because of the large phonon generat
and absorption rates, considering phonon lifetimes in the
der of 1012 s or less.1

Intraband transitions of free carriers occur by the abso
tion or emission of a photon or of a phonon. The fundame
tal processes are

e6g
e8 and e6G
e8, ~4!

with the equilibrium conditions

he1mg5he8 and he1mG5he8. ~5!

Due to the strong electron–phonon interaction, the chemi
equilibrium between electrons and phonons is maintain
even for excitations by external photons, as long as carr
heating is avoided. SincemG50, there is a single Fermi
distribution for all electrons in the conduction ban
(he5he8). This in turn leads tomg50 of the photons emit-
ted by intraband transitions of electrons, which is room tem
perature thermal radiation.~The same is of course, true for
the valence band.!

In conclusion, radiative intraband transitions lead to th
emission of thermal radiation withmg50, whereas interband
transitions lead to luminescence radiation wit
mg5eF,C2eF,V.0. For conditions well below the laser
threshold@\v2(eF,C2eF,V)#/kT@11 the emission formula
Eq. ~1! can be simplified

drem~\v!.abb~\v!cgDgVe2\v/kTe~eF,C2eF,V!/kTd\v.
~6!

This means that a difference in the quasi-Fermi energ
leads to an exponential increase of the emission rate for
terband transitions by the factor exp@(eF,C2eF,V)/kT#. In the
experiments described below, the emitted luminescence
diation exceeds the thermal radiation approximately by a fa
tor of 131016.5 Under these conditions the spontaneou
emission rate in heavily doped silicon is dominated by inte
band transitions, although the absorption coefficient f
band–band transitions may be orders of magnitude sma
than the absorption coefficient for free carrier absorption. B
neglecting free carrier emission, we can determine the em
ted energy current density in a photoluminescence expe
5326 J. Appl. Phys., Vol. 80, No. 9, 1 November 1996
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FIG. 1. Experimental setup: The sample is illuminated at one surfac
(z50) with a sinusoidally modulated laser diode and the luminescenc
radiation emitted from the opposite surface at (z5d) is passed through a 1/4
m monochromator and is detected with a LN2 cooled Ge diode.
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ment by integrating the emission rate over the emitting vo
ume, taking reabsorption processes and multiple reflectio
into account. For a planar slab with lateral dimensions lar
compared to its thickness, which is homogeneously illum
nated at the rear surface atz50 ~see Fig. 1!, the energy
current densityd jE emitted in the intervald\v from the
front surface into a hemisphere is found by integrating E
~1!2,8:

d jE~\v!5abb~\v!M ~\v!c0 /n
3pDg~\v!

3e2a tot~\v!de2\v/kTd\vE
0

d

@ea tot~\v!z

1R~\v!e2a tot~\v!z#e@eF,C~z!2eF,V~z!#/kTdz,

~7!

for

$\v2@eF,C~z!2eF,V~z!#%/kT@1

with

M ~\v!5
12R~\v!

12R2~\v!exp@22a tot~\v!d#
.

In general the difference and its spatial variation of the qua
Fermi energies in the emitting volume is unknown and th
integration cannot be carried out. In two special cases t
integration is however quite simple:

eF,C~z!2eF,V~z!5const, ~8!

d jE~\v!5C1M ~\v!a~\v!~\v!3e2\v/kTd\v, ~9!

eF,C~z!2eF,V~z!.C2d~z!, ~10!

d jE~\v!.C3M ~\v!abb~\v!e2a tot~\v!d~\v!3

3e2\v/kTd\v, ~11!

a(\v) is the absorptivity of the sample.
The first case occurs for a homogeneous distribution

electrons and holes, which is present, if the diffusion leng
of the minority carriers is much larger than the sample thic
nessd and if the surface recombination velocityS!d/D,9

whereD is the ambipolar diffusion coefficient. This relation
ship has been used to determine ultralow values f
abb(\v) for lightly doped high quality silicon.2
E. Daub and P. Würfel
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In the following we will focus on the second case, whic
occurs for example in our experiments with moderate
doped silicon. We illuminate the slab with strongly absorbe
laser light. Since the diffusion length of the minority carrier
is very short~some microns!, a remarkable difference of the
quasi-Fermi energies exists only in the vicinity ofz50 and
is approximated by a delta function. Because the front a
back surfaces are parallel and polished~no scattering!, only
photons emitted into the small solid angle ofp/n2 directed
perpendicular to the front surface can escape through t
surface without total internal reflection.8 Since n is large
(.3.5), the optical path length for all photons in the esca
cone is the same, independent of their place of origin ne
the back surface, and it does not matter whether the illum
nation is homogeneous or not. For a larger luminescen
signal a focused laser beam can be used without any cha
in the luminescence spectra, as long as the generated car
are thermalized before they undergo radiative recombinati
As already mentioned above, the emission rate is solely
termined byabb(\v), whereas for reabsorption processe
free carrier absorption has to be taken into account. The
sorption coefficient for free carrier absorption is modeled b
the following relations, which fit the experimental values o
Schmid11 quite well (N05131018 cm23!:

a f c~\v!.3.5
NA

N0
S \v

eVD 22

cm21

p-type~NA,2031018 cm23!, ~12!

a f c~\v!.5.9
ND

N0
S \v

eVD 22.88

cm21

n-type~ND,1531018 cm23!. ~13!

The deviation from the expected (1/\v)2-dependence in the
case ofn-type silicon can be explained by direct transition
between two conduction bands.12 However the influence of
the free carrier absorption on the shape of the photolumin
cence spectra is nearly negligible, because it is almost c
stant in the considered energy interval, whereas the abso
tion coefficient for band–band transitions varies by orders
magnitude. The same is true for the reflectivityR(\v),
which varies only a little in the energy range of intere
@R(\v).0.31#13 and has only a small dependence o
doping.11

A detailed analysis of the emission formula~11! shows
that for the geometry discussed above a relative measu
ment of the emitted current densityd jE(\v) is sufficient for
an absolute determination of the absorption coefficie
abb(\v). From Eq.~11! one can build the function

f ~\v!5
d jE~\v!

d~\v!~\v!3
e\v/kT

.C3M ~\v!e2a f c~\v!de2abb~\v!dabb~\v!. ~14!

This function has a maximum as a function of\v near the
band edge. Because]a f c(\v)/](\v)!]abb(\v)/](\v),
R(\v).const. andR2(\v)!1 one finds for the position of
this maximum

abb~\vmax!.0.989/d. ~15!
J. Appl. Phys., Vol. 80, No. 9, 1 November 1996
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TABLE I. Details of the investigated samples.

Identification Thickness (mm) Doping density (cm23) Type

A 250 1.331014 p ~Si:B!
B 610 3.431017 n ~Si:P!
C 640 1.631018 n ~Si:P!
D 535 5.031018 p ~Si:B!
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This relation makes the analysis of the photoluminescen
signal quite simple. First one takes the measured values
d jE(\v) and calculatesf (\v). From the maximum of
f (\v) one finds the photon energy\vmax, where the ab-
sorption coefficient is given by Eq.~15!. With this value, the
constantC3 in Eq. ~11! is fixed, and the absorption coeffi-
cient for band–band transitions can be determined in t
whole energy range of the photoluminescence spectrum.

III. EXPERIMENT

For a demonstration of the efficiency of this new metho
in determiningabb(\v), we have examined Si:P and Si:B
doped samples in the doping range from 3.431017 cm22 to
531018 cm23. This doping range is especially interesting
because the exciton binding energy of 14.7 meV14 for nearly
intrinsic silicon is dramatically reduced due to screening e
fects, and vanishes at a doping concentration of appro
mately 531018 cm23.15 Furthermore it is interesting to ex-
amine the influence of band tails and band-gap narrowing
abb(\v) in the case of moderately doped silicon.

We have investigated samples with polished surface
which were grown by the Czochralski method. Details a
listed in Table I. Samples B and C were covered with
native oxide. The surfaces of the samples A and D we
passivated with a thermally grown oxide of 105 nm thickne
to reduce surface recombination and to increase the sm
photoluminescence intensity of sample D with the highe
doping concentration and the smallest minority carrier life
time. In this case the reflectivityR(\v) is determined by the
refractive indices of Si13 and SiO2,

16 and the thickness of the
oxide ~see for example Ref. 17!.

The experimental setup is shown in Fig. 1. It deviate
from usual setups by the fact that we illuminate our samp
on the opposite surface from which we detect the emitt
luminescence radiation, i.e., our experimental setup is simi
to a transmission experiment. Due to reabsorption proces
over the thickness of the sample, we are able to determ
the absolute value ofabb(\v) by a relative measurement of
the emitted luminescence intensity. Usually only the emi
sion ratedrem(\v) is detected, and reabsorption is avoide
by a setup, which is similar to a reflection measurement, i.
the sample is excited at the same surface from which t
luminescence radiation is detected.

The samples were illuminated by a laser diode emittin
at 790 nm. The penetration depth at the laser wavelength
about 11mm. All investigated samples have a thicknes
d>250mm, therefore the samples act as an effective filte
and prevent any laser light from reaching the detector. Lo
intensity emission of the laser at longer wavelengths, whi
would be transmitted by the samples, was blocked by
5327E. Daub and P. Würfel
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interference filter centered at the laser wavelength. The la
beam was focused on the sample surface, and the abso
energy current was about 20 mW.

The photoluminescence radiation was passed throug
1/4 m monochromator with a grating blazed at 1000 nm, a
was detected by a liquid-N2 cooled Gep-i-n diode. The spec-
tral response of the whole detection unit was determin
with a calibrated blackbody radiator. The intensity of th
laser diode was modulated sinusoidally at 565 Hz and t
detector signal was measured with a current–voltage c
verter and a lock-in amplifier. The overall wavelength res
lution was 7 nm.

The validity of the approximation exp(eF,C2eF,V)
.C2d(z) is fulfilled quite well for the investigated samples
for the following reasons:

~1! Due to the large absorption coefficient for the inc
dent laser light, all photons are absorbed within a few m
crons.

~2! Illuminating the sample with a focused laser bea
leads to a three-dimensional carrier distribution, falling o
within a characteristic depthL̄, which is markedly smaller
than the diffusion lengthLdiff of the minority carriers.

~3! All samples are grown by the Czochralski method
resulting in a rather small minority carrier lifetime and dif
fusion length.

It was impossible to measure these lifetimes with co
ventional methods like photoconductivity decay~PCD! or
surface photovoltage~SPV! measurements, because of th
relative high doping level and the low minority carrier con
centration. However, with photoluminescence measureme
we were able to determine these quantities. From the ab
lute photoluminescence intensity,10 the luminescence phase
delay,19–21 and spatially resolved photoluminescenc
measurements22,23 an upper limit for the diffusion lengths in
our samples was determined. We foundLdiff<20 mm for
sample B,Ldiff<12 mm for sample C and in the case o
sample D the diffusion length is even smaller, but we we
unable to determine the exact value.

For an error estimation due to thed-function approxima-
tion we made a worst case calculation with a on
dimensional carrier distribution, taking the exponential dec
of the incident photon current density, carrier diffusion an
surface recombination into account.18 In this special case
(Ldiff!d), however, only the number of the emitted photon
depends on the surface recombination velocity, but not t
shape of the luminescence spectrum. We use the values p
lished by Keevers and Green24 for abb(\v) in our calcula-
tions ofd jE(\v) and f (\v) @see Eq.~15!#. With a diffusion
length of 20mm and a sample thickness of 610mm for these
simulations we estimated, that the maximum error in the d
termination of\vmax is smaller than 1 meV with respect to
thed-function approximation. This means, that in the case
a large absorption coefficient for the incident laser radiatio
small carrier diffusion lengths and thick samples (d@Ldiff)
our method is very well suited for an absolute determinati
of abb(\v). The knowledge of the complex three dimen
sional carrier distribution, which is difficult to simulate be
cause the exact values ofLdiff andS are usually unknown, is
irrelevant.
5328 J. Appl. Phys., Vol. 80, No. 9, 1 November 1996
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FIG. 2. Photoluminescence spectra of the samples A–D, measured at
temperature. The high energy range reflects the influence of the spatia
tribution of the carriers due to reabsorption processes, whereas the
energy part is dominated by the spontaneous emission ratedrem(\v). The
influence of increasing doping concentration is especially noticeable
photon energies below the maximum of the luminescence spectrum.
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Due to the small minority carrier lifetime, it was impos
sible to measure the photoluminescence signal of mo
highly doped silicon samples than sample D with our equi
ment. Sample A, with the absorption coefficient of high re
sistivity silicon, was included for comparison. In this cas
the minority carrier diffusion lengthLdiff@d, so that the
emitted current density for this homogeneously excite
sample is given by Eq.~9!, from which the absorption coef-
ficient abb(\v) was determined.2

IV. RESULTS

Figure 2 shows the measured photoluminescence spe
for the different samples, all measurements were carried
at room temperature. Due to the indirect band gap in silico
radiative transitions require the simultaneous absorption
emission of at least one phonon for momentum conservi
reasons. Since the band gap of intrinsic silicon at room te
perature is 1.124 eV,25 the emission of a photon for photon
energies below the luminescence maximum is accompan
by the emission of at least one phonon, whereas for the
sorption of a photon at the same energy the absorption o
least one phonon is necessary. Although the phonons
involved differently, the emission ratedrem(\v) is deter-
mined by the absorption coefficientabb(\v) at the same
energy, due to the generalized Planck radiation law for ind
rect transitions.1

The structure on the low energy side of the luminescen
spectrum is characterized by the simultaneous emission of
to three phononsG,2,26 whereas the high energy side is
mainly influenced by the absorption of the transversal optic
phonon (\V.57.3 meV27!. Figure 2 shows, that especially
the low energy transitions are influenced by increasing do
ing concentrations. From these luminescence spectra
have calculated the absorption coefficientabb(\v) accord-
ing to the method described above, the analysis of the h
resistivity sample was carried out as explained in detail
Ref. 2.
E. Daub and P. Würfel
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FIG. 3. Absorption coefficientabb for band–band transitions of silicon at
297 K as a function of photon energy\v, obtained from a detailed analysis
of the photoluminescence spectrum. A relative measurement of the ph
luminescence intensity is sufficient for an absolute determination of
absorption coefficientabb(\v). The influence of doping is much greater fo
multi-phonon than for single-phonon transitions.
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Figure 3 shows the result of these calculations in the lo
energy range. It is possible to determine values f
abb(\v) as small as 1024 cm21 for the moderately doped
samples, at energies well below the band gap. It is obvio
that the multiphonon structure is smeared out with increas
doping concentration, and it becomes invisible for a boro
concentration of 531018 cm23. For higher photon energies
the influence of doping on the absorption coefficient is mu
weaker. For optical transitions involving a single phono
abb(\v) is not affected by doping up to doping densities o
3.431017 cm23. For higher doping densities theabb(\v)
curve is shifted slightly towards lower photon energies.

In Fig. 4 the results for the sample with the highest do
ing level are shown separately, together with values for t
overall absorption coefficient a tot(\v)5abb(\v)
is-
si-

al
ar-
ne
in

x-

the

nic

ade
x-
FIG. 4. Comparison of the results for the determination ofabb(\v) from
transmission and photoluminescence experiments~Si:B, 531018 cm23).
With our new method we could determine values forabb(\v), which are
nearly five orders of magnitude smaller than the absorption coefficient f
free carrier absorptiona f c(\v). For a better understanding of the difficul-
ties in determiningDEg , we have addedabb(\v) for the high resistivity
sample A, and theoretical values ofabb(\v), neglecting the excitonic part
of the absorption coefficient. In the low energy range any value between
meV and 50 meV forDEg is possible.
J. Appl. Phys., Vol. 80, No. 9, 1 November 1996
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1a f c(\v), determined by ordinary transmission
experiments.11 We have used the low energy part of thes
data, where free carrier absorption is dominant, to extrap
late a f c(\v) into the energy range where the absorptio
coefficient is composed ofa f c(\v) andabb(\v). By sub-
tracting the extrapolated values ofa f c(\v) from a tot(\v), it
is possible to determineabb(\v) from the results of a trans-
mission measurement. This, however, is possible only f
energies where band–band transitions contribute markedly
the overall absorption coefficienta tot(\v). It is impossible
to determine values forabb(\v) from transmission, which
are smaller than 2 cm21 for a doping level
ND>531018cm23.

By comparison, the great advantage of photolumine
cence measurements becomes obvious. With our method
can determine values ofabb(\v) which are nearly 5 orders
of magnitude smaller than the absorption coefficient for fre
carrier absorption. In the high energy range, our data ag
quite well with those extracted from the published data of th
transmission experiment.

The influence of heavy doping on the band structure
silicon is often described by a single parameterDEg , named
band-gap narrowing. This band-gap narrowing has been
vestigated by many authors with different techniques lik
photoluminescence, optical absorption, or electrical transp
measurements on device structures, a good summary an
comparison of the different methods is given by Wagner a
del Alamo.28 However, an exact description of the influenc
of heavy doping on the band structure of silicon with onl
one parameter is not possible, because there are at least
points which have to be taken into account. The first is
rigid shift of valence and conduction band towards one a
other and the second is the formation of band tails with i
creasing doping density~see for example Ref. 29!. Band
tails, in particular, play an important role for the interpreta
tion of luminescence data, because low energy emission
sulting from transitions near the band edge is preferred
predicted by the generalized Planck radiation law. Transm
sion experiments, however, are not sensitive to these tran
tions, becauseabb(\v) is very small anda tot(\v) is domi-
nated bya f c(\v). This has been pointed out by Dumke30

and by Pantelideset al.31

Comparing the results of transmission and convention
photoluminescence experiments concerning band-gap n
rowing, a precise analysis of the photoluminescence li
shape is necessary. Values for the band-gap narrowing
heavily doped silicon were already determined by, for e
ample, Dumke30 and Wagner.32 Well below the laser thresh-
old the spontaneous emission rate is given in Eq.~6!. For
photon emission under phonon emission a spectrum of
form

drem~\v!}~\v2\V2Eg!
2\ve2\v/kTd\v, ~16!

is obtained from Eq.~6!, if only one phonon branch is con-
sidered and if parabolic bands are assumed and excito
effects are neglected.33 This is the exact expression for the
spontaneous emission rate under the assumptions m
above, and it is quite different from the one used for e
ample, by Dumke30 for his determination of band-gap nar-
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FIG. 5. The functionAabb(\v)3\v shows a more or less rigid shift
towards lower photon energies with increasing doping level. However, t
is only true for one-phonon transitions and if band tails are not involved
the absorption processes~see Figs. 3 and 4!.
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rowing in p-type silicon by an analysis of the photolumines
cence data of Schmidet al.34 Connecting the spontaneou
emission rate with the absorption coefficient for band–ba
transitions brings up another important point which has be
overlooked so far. Band-gap narrowing extracted from tran
mission experiments is deduced from a comparison with t
absorption coefficient of high resistivity silicon where exc
tonic absorption plays an important role,33 whereas it is neg-
ligible in the heavy doping range.15 However, the parameter
DEg extracted from luminescence data results from a li
shape analysis without any exciton contribution,30,32which is
correct only in the case of heavy doping. Even for near
intrinsic silicon this way of luminescence data analys
would result in a band-gap narrowing of about the exciton
binding energy~14.7 meV14!, which is obviously wrong.
Furthermore it is difficult to model multiphonon transition
in a line shape analysis, because they follow a quite differe
energy dependence than one-phonon transitions,23,35but they
are important for a correct description of the luminescen
lineshape, and for determiningDEg . In a detailed line shape
analysis additional problems arise through the unknown p
sition of the Fermi level which is linked to the unknown
densities of states at the band edges, especially in hea
doped silicon. None of these difficulties occurs by using o
method. By taking advantage of the geometry of our expe
ment, we use the reabsorption inside the sample to determ
the absolute value ofabb(\v) with a relative measurement
of the photoluminescence intensity so we are able to inv
tigate in detail both parts of the absorption spectrum, the lo
energy part which is characterized by multiphonon abso
tion and the influence of band tails~Figs. 3 and 4!, and the
higher energy part which is described by one-phonon abso
tion and a more or less rigid shift of the densities of states.
the absorption process is dominated by a single phon
branch with energy\V and if excitonic transitions are ne-
glected, indirect transitions follow the relation
Aabb(\v)\v } \v2Eg6\V1DEg .

33,36 This is pointed
out in Fig. 5, which shows selected data forAabb(\v)\v as
a function of\v. In the energy interval shown in Fig. 5, the
absorption of a photon with\v.1.09 eV is dominated by
5330 J. Appl. Phys., Vol. 80, No. 9, 1 November 1996
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the absorption of the TO phonon, whereas for photon en
gies\v,1.05 eV the absorption of a photon is accompanie
by the simultaneous absorption of two phonons.36

For the rigid shift in the high energy regime we find 5
and 9 meV for the samples C and D, with respect to the da
of the high resistivity sample A. These values are in goo
agreement with those determined by Schmid with transm
sion measurements.11

Now we come back to Fig. 4, where we have adde
calculated values forabb(\v), neglecting the excitonic part
of the absorption coefficient.23,36,37It is obvious that there is
a great difference in the determination ofDEg depending on
the selected energy interval and the model for the analysis
the experimental data. Any value between 50 meV and
meV ~Fig. 5! is possible. A band-gap narrowing of 50 meV
for a doping concentration ofND5531018 cm23 was deter-
mined by Wagner,32 using a line shape analysis of his pho
toluminescence data.

V. CONCLUSIONS

We have developed a method for the absolute determ
nation of the band–band absorption coefficient for mode
ately doped silicon, based on a relative measurement of
emitted photoluminescence intensity and the validity of th
generalized Planck radiation law. The absorption coefficie
can be extracted directly from the emission spectra witho
any assumption concerning the density of states at the b
edge or the position of the Fermi energy. The influence
the free carrier absorption is very small, and can easily
taken into account. With this method it is possible to dete
mine absolute values of the absorption coefficients for ban
band transitionsabb(\v) which are up to five orders of
magnitude smaller than the absorption coefficient for fre
carrier absorptiona f c(\v). These measurements will help to
understand the discrepancies in the determination of
band-gap narrowing,DEg , derived from the analysis of pho-
toluminescence spectra and transmission experiments. T
method is not restricted to the examined doping range and
can easily be applied to higher doping levels and other dire
and indirect semiconductor materials.
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