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Photoluminescence and excitation spectroscopy in heavily doped n- and p-type silicon
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Low-temperature photoluminescence and excitation spectroscopy measurements on heavily doped
(up to 4&10 cm ) n- and p-type silicon are reported. From the luminescence spectra values for
the optical and the reduced band gap are deduced and compared with theoretical calculations. The
shrinkage of the reduced band gap follows an n ~ law for carrier concentrations n above the critical
Mott density. Both n- and p-type samples show an identical shift of the reduced gap, whereas the
shift of the optical gap is different due to the different density-of-states masses for electrons and
holes. From photoluminescence excitation spectra the position of the optical gap is determined in-
dependently. A good agreement of the data obtained by these selective absorption measurements
with the results from conventional luminescence spectra is found.

I. INTRGDUCTION

The physical properties of heavily doped silicon are of
practical as well as basic interest. The effect of heavy
doping on the electronic properties of a semiconductor can
be described, as can be the band-tailing effect due to the
random impurity distribution, in terms of a reduction of
the band gap. ' The gap shrinkage represents the self-
energy of the interacting charge carriers. Values for this
shrinkage have been derived from optical-absorption,
photoluminescence (PL), and transport data. Com-
paring these results major discrepancies have been noted
between absorption and PL, as well as absorption and
tI'Rnsport data.

Theoretical work has been performed to calculate the
band-gap reduct1on ' as %'ell as the shape and cQcrgy
position of the luminescence spectra of heavily doped sil-
icon. ' The state of the art for calculating the band-gap
shrinkage is shown for example in Fig. 7 of Ref.12. The
scatter of the experimental data is too large to allow an in-
formative comparison between theory and experiment.

PL experiments measure the carrier distribution within
the conduction or valence band as well as the carrier-
induced band-gap reduction via the radiative recombina-
tion of photoexcited minority carriers. ' In Fig. 1 the
electronic transitions possible in a heavily doped n-type
semiconductor are shown. The conduction band is filled
up to thc Fermi cncrgy Ep Rnd opt1cal absorption only
occurs rvhen the photon energy is high enough to excite an
electron from the top of the valence band to an empty
state in the conduction band. The energy gap involved is
called the optical gap EG i. For the emission of a photon,
on the other hand, the initial state of the electron has to
lie between the bottom of the conduction band and the
Fermi level. Therefore the PL band extends from the
optical-gap energy EG, (high-energy cutoff) to the energy
of the reduced gap EG2 (low-energy edge). Absorption
and emission spectra of heavily doped materials are com-
plementary in the sense that the first one monitors the
empty states of the conduction band and the second one

monitors the filled states of the conduction band.
The line shape of this luminescence band, I(hv) can be

expressed in terms of the density of states D (E) and of the
Fermi distribution function f(E),

I(hv)-D(hv EG 2)f(h—v EG 2) . —
In this expression the energy dependence of the electric-
dipole IIlatrlx clement 1s neglected. IQ add1t1on thc photo-
created holes are assumed to be thermalized at the top of
the valence band and their density has to be much smaller
than the electron concentration. The considerations made
above for n-type doping are also valid for p-type material

j& )(

sity of States

FIG. 1. Schematic drawing of the band structure of a heavily
doped n-type semiconductor. Optical gap Eg I and reduced band
gap EG 2 as well as the band filling EF are indicated.
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by simply exchanging valence and conduction bands and
electrons and holes, respectively.

In the PL spectrum of heavily doped silicon a second
luminescence band besides the one discussed above can be
observed, shifted to lower energies. As discussed by
Parsons this band can be explained in terms of a recom-
bination of majority carriers (electron or holes) with
minority carriers (holes or electrons) bound to compensat-
ing impurities (acceptors or donors). These two lumines-
cence bands show a different dependence on the exciting-
laser power density. Low-excitation densities favor the
low-energy band or so-called low-level (LL) luminescence,
whereas high excitation is favorable for the band-to-band
emission, the so-called high-level (HL) peak. '

This study presents data obtained by PL and PL excita-
tion (PLE) spectroscopy on heavily phosphorus- and
boron-doped silicon samples. The doping level extends
from 10' cm, which is well below the metal-insulator
transition, up to 4X 10 cm . The measurements have
been carried out at 5 K. From the PL spectra the posi-
tions of the optical (EG &) and the reduced band gap (EG 2)
are obtained. The shift of the reduced gap EG z as a func-
tion of the carrier concentration n can be descibed by a
n'~ power law. This shrinkage is the same for n and p--
type samples, whereas the shift of the optical gap is dif-
ferent. This is due to the difference in the density-of-
states masses of electrons and holes in silicon. PLE spec-
troscopy has been used to measure the optical band gap in
absorption on these heavily doped samples. This tech-
nique has the advantage of being only sensitive to band-
to-band transitions, whereas conventional absorption mea-
surements yield a superposition of band-to-band and free-
carrier absorption. The data obtained for EG &

are in good
agreement with the ones derived from the normal
luminescence spectra, removing the discrepancy existing
in the literature between the results of absorption and
luminescence.

II. EXPERIMENT

optically pumped with a dye laser, emitting at 870 nm,
which in turn was excited with the 647- and 676-nm lines
of a Kr+ laser. The laser beam was focused to a spot size
of about 500 pm on the silicon samples, resulting in an ex-
citation density of 200—400 W/cm for the 647-nm exci-
tation. The luminescence was analyzed with a 1-m double
monochromator and detected with an intrinsic Ge photo-
diode. A schematic drawing of the experimental set up is
shown in Fig. 2.

III. RESULTS

A. Photoluminescence

Typical PL spectra are shown in Figs. 3 and 4 for vari-
ous concentrations of phosphorus and boron. The PL
spectra consist of three phonon replicas involving the
momentum-conserving transverse-acoustic (TA) and
transverse-optical (TO) phonons and the combination of
the TO phonon and the optical zone-center phonon 0, as
can be seen clearly from the spectra with the lowest im-
purity concentration. For Si:P a strong no-phonon (NP)
transition is also observed. With increasing impurity con-
centration the luminescence lines become broader, and for
the most heavily doped samples only the TO and NP lines
in the case of Si:P, and the TO and TA replicas for Si:B,
can be distinguished. The temperature of 10 K indicated
in the figures has been estimated from defect-induced
luminescence spectra with known temperature dependence
in other silicon samples excited under the same conditions
as the samples under investigation here. It is higher than
the temperature of the exchange gas due to the heating by
the exciting-laser beam.

The spectra for phosphorus- as well as boron-doped sil-
icon show pure high-excitation (HL) luminescence ori-
ginating from band-to-band transitions as we checked by
varying the excitation density. The high-energy edge of
the NP luminescence line (for Si:P) or the TA replica (for
Si:B) and the low-energy tail of the TO replica are indicat-

The samples used in the present study were bulk-doped
with phosphorus, arsenic, and boron. The impurity con-
centration extends from 10' cm up to 1.5X10 cm
for phosphorus and 4 X 10 cm for boron. The
arsenic-doped sample had an impurity concentration of
5&(10' cm . The net impurity concentration was deter-
mined from room-temperature conductivity studies and
checked by the measurement of the plasma frequency,
which was obtained from the minimum in the infrared re-
flectivity. The surfaces of the samples were either pol-
ished or etched with a mixture of HF and HNO3.

The samples were cooled by the exchange gas to 5 K.
For the normal PL experiments they were excited by the
647-nm line of a Kr+ laser. For the excitation spectros-
copy a tunable NaF:(F2+ ) ~ color-center laser was
used. ' ' The output power was 100—250 mW depending
on the transparency of the output-coupling mirror. The
laser could be tuned from 1.01 to 1.13 pm at a linewidth
of 0.6 A. A rather constant output power between 1.04
and 1.08 pm could be obtained by choosing the appropri-
ate output-coupler reflectivity. The color-center laser was
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FIG. 2. Experimental setup for PLE spectroscopy using a
tunable color-center laser. For conventional luminescence mea-
surements the Kr+-laser beam was directly focused onto the
sample.
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FIG. 3. PL of heavily doped Si:P for different donor concen-

trations. Arrows indicate the high-energy cutoff of the NP line

EG I and the low-energy edge of the TO replica E~2—AcoTo.

Spectral resolution was 8 A for the lowest spectrum and 24 A

for the two upper spectra.
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FIG. 4. PL of heavily doped Si:B for different acceptor con-

centrations. Arrows indicate the high-energy cutoff of the TA
replica EG ~

—AcoTA and the low-energy edge of the TO replica

EG 2 AQ)TQ Spectral resolution was 8 A for the lowest spec-

trum and 24 A for the two upper spectra.

ed by arrows. The high-energy cutoff represents the opti-

cal gap EG &
and the low-energy edge represents the re-

duced band gap E&2 when taking into account the ener-

gies of the phonons involved in the recombination. The
determination of EG &

is quite accurate due to the sharp-

ness of the high-energy edge. In contrast, the low-energy

tail of the TO replica is quite smooth. Hence the point at

which the luminescence intensity is about 5% of the peak

value has been taken to define the reduced band gap EG q.

Figures 5 and 6 display EG ~
and EG 2 as a function of

the carrier concentration for n- and p-type material. The

reduced band gap EG q shifts to lower energies with in-

creasing carrier concentration, whereas the optical gap

EG &
remains either approximately constant for n-type

samples or shows a slight shift to higher energies for p-

type material. For n-type samples up to 4)& 10' cm the

spectra found here are similar to those reported by Par-

sons et al. ' and Schmid et al. For higher dopant con-

centrations only one spectrum is shown in the literature,

but as can be seen from the width of the HL luminescence

band in this spectrum the carrier concentration has to be

less than 1&(10 cm, the value quoted there. ' So
there are no luminsescence data available to compare with

the present ones for electron concentrations above 4&& 10'

cm . For p-type material the spectra shown in the litera-

ture always contains contributions of both HL and LL
luminescence ' which become strongly overlapping for

high impurity concentrations. Therefore no informative

comparison with the data presented here can be made.
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FIG. 5. Optical gap E~ I and reduced band gap EG 2 vs carrier

concentration for n-type silicon. Energies shown have been

corrected for phonon energies involved.
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phonon energies involved.

8. Excitation spectroscopp

For excitations resonant with the indirect band gap in
all samples except one, only the so-called I,I. luminescence
has been observed. This is due to the low volume excita-
tion density caused by the large penetration depth of the
light. In Figs. 7 and 8 excitation spectra of the TO-
phonon —assisted LL luminescence are shown for Si:P and
Si:B together with an excitation spectrum of a "pure"
sample. The electronic temperature in this case is very
close to the bath temperature due to the sn1all excess ener-
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FIG. 7. PLE spectra of Si:P. Arrows indicate the position of
the optical band gap. LL luminescence was used as the monitor
transition for all spectra except the one speciaBy indicated as
HL
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FIG. 8. PLE spcctl"a of Si:B. Arrows lndlcatc thc position of
the optical band gap. LL luminescence was used as the monitor
transition for all spectra. Lowest trace shows for comparison an
excitation spectrum of the free-exciton luminescence in a pure
sample.

gy of the laser photons and the low excitation density.
Por the pure sample with a net impurity concentration

of 10' cm both the free exciton as well as the bound
exciton show the same excitation spectrum (lowest trace
of Fig. 8). Comparing this spectrum with classical ab-
sorption data the steep onset at 1056.3 nm is identified
with the onset of TA-phonon —assisted free-exciton ab-
sorption. For increasing impurity concentrations up to
the critical Mott density of 3&&10' cm a downwards
shift of this TA-phonon —assisted absorption edge is ob-
served for both n and p-ty-pe samples. An additional
structure appears at about 1060 nm in Si:8 (2X 10' and
2&&10' cm ) and at 1078 nm in Si:P (8&&10' cm ).
For the 2& IO -cn1 boron-doped san1ple this structure
is more intense and broader than for the 2X10'"-cm
doped sample. The spectral positions of these peaks in the
excitation spectrum coincide with the high-energy edge of
the HL emission in the normal luminescence spectra.
Therefore they can be identified as absorption transitions
involving the impurity band of boron or phosphorus,
respectively. The feature in the PLE spectrum of Si:P is
caused by Rll excltatloii wltllollt pholloll partlclpat1011 of
an electron out of the valence band into an empty state of
the donor-related impurity band. The structure in the ex-
citation spectra of Si:8 is a similar transition of a hole to
the acceptor ln1purity band With TA-phonon part1c1pa-
tion.

Por impurity concentrations above the metal-insulator
transition ( & 3 & 10' cm ) the PLE spectra show the on-
set of valellce- to coilductloll-band Rbsorptloll without Rlly
additional structure. For the 4&10' -cm sample of
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S1:P thc luminescence spcctluID cxh1b1ts both LL Rnd HL
cmiss1on cvcIl undc1 I'csonant cxc1tat1on. In F1g. 7 thc
PLE spectra of both HL and LL luminescence are
displayed. The HL-excitation spectrum shows a steeper
increase in absorption with increasing photon CQCI'gy than
the LL spectrum. This simply reflects the different
dependence on excitation density of HL and LL lumines-
cence. For exciting photon energies very close to the ab-
sorption edge the vo1ume excitation density is very low,
favoring LL emission. For increasing photon energies the
penetration depth of the light becomes smaller„which in-
creases the excitation density, and therefore enhances the
HL luminescence.

The PLE spectra shown in Figs. 7 and 8 are not
corrected for the spectral variation of the output power of
the exciting 1aser. But, as mentioned in Sec. II, this varia-
tion was small. It does not affect the position of the ab-
sorption edge in the excitation spectra. This has been
checked by coIIlparlsoII of tllc cxcltatlo11 atld thc coIlvcll-
tional absorption spectrum of pure material. The optical
gap EG I, which is defined by the onset of the band-to-
band absorption, is marked by an arrow in Figs. 7 and 8.
As can be seen from the PLE spectra of the 4&& 10' -cm
sample of Si:P this onset coincides, within a few meV, for
the HL and LL spectra.

The values of EG, determined from the PLE spectra,
are shown in Fig. 9 for n and p-t-ype samples together
with the position of the high-energy cutoff of the HL
emission band in the normal luminescence spectra. A11
the data shown have been corrected for the energies of the
phonons involved, so they represent C1ectronic txansition
energies. For carrier concentrations be1ow the Mott densi-

ty the position of the high-energy edge of the lumines-
cence remains constant, whereas the optical band gap as

Si:P

determined by PLE shows a shift to lower energies. For
concentrations above =3X 10' cm the PLE spectra
give values for the gap, which are smaller than the highest
photon energy seen in emission. For carrier concentra-
tions exceeding =3—4X10' cm both Pl. and PLE
spectra give, within the experimental error, identical re-
sults fol EG I,.

This agreement between absorption (PLE) data and
luminescence results for doping level above the Mott den-
s1ty removes thc dlsclcpancy stated 1Il the lltcI'atuI'c. '

Compared to the conventional absorption experiment the
present technique of excitation spectroscopy or selective
absorption gives much morc accurate results because it is
only sensitive to band-to-band transitions. Normal ab-
sorption, in contrast, monitors both band-to-band and in-
traband proccsscs s1multancously, making 1t necessary to
deconvolute the spectra obtained by fitting the free-carrier
absorption at the long-wavelength part of the spectrum.

The discontinuity of the PLE data for the optical gap at
=3+10 cm, the critical Mott density, wi11 now be dis-
cussed. The excitation spectrum of the pure sample clear-
ly shows TA-phonon —assisted excitonic absorption. For
the samples with doping levels above 3X10' cm, on
the other hand, no excitonic contributions are expected to
occur because of screening effects. Despite the difficulty
of distinguishing between valence- to conduction-band and
valence- to impurity-band absorption for carrier concen-
trations of 10 —10 cm, the tentative suggestion, that
this discontinuity is caused by the breakdown of the exci-
tonic binding at the Mott density, can be made. This ten-
tative model is based on the assumption of an excitonic
absorption edge in the above-mentioned doping range, in
contrast to an impurity-band luminescence free of exciton-
ic effects. The difference between the optical gap deter-
mined by PI.E and the high-energy edge of the HL
luminescence, amounting to 10—20 mcV at =1&10'
cm 3, is comparable to the free-exciton binding energy of
14.7 meV, ' supporting the suggestion made above.

IV. DISCUSSION
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FIG. 9. Position of the optical band gap as determined by
PI E and of the high-energy cutoff of the PI vs 1IIlpUrIty con-
centration. All data shown have been corrected for the phonon
energies involved. Critical Mott density is indicated by an ar-
row.

In Fig. 10 and 11 the present results for the reduced
band gap EG 2 are displayed together with theoretical cal-
culations by Berggren and Sernelius, ' Mahan, ' and
Abram et al. ' The experimental data for both n- and @-

type material can be described by the following relation:

EG(pure) —EG 2- n 1/3

with n as the charge carrier concentration.
For n-type dop1ng the calculat1on by Berggren and Ser-

nelius, assuming a random arrangement of the donar
atoms, gives the best description of the experimental re-
sult. The band-gap reduction found experimentally is,
however, samewhat larger than that predicted by this cal-
culation. The calculation of Ref. 12, assuming a fcc ar-
rangement of the impurities and the calculation by
Mahan, in contrast, yields a much smaller band-gap
reduction than found in the experiment. For p-type dop-
1ng thc only RVR11ab1c thcorctica1 calculation to compare
with is the one by Abram et al. Here again, the band-gap
shrinkage as determined from the luminescence spectra is
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somewhat larger than the theoretical prediction.
%'hen comparing theory and experiment one has to

keep in mind, for the calculations, any band-tailing effects
have been neglected. "" The inclusion of band tailing
results in a further reduction of the gap EG 2. ' Follow-
ing Benoit a la Guillaume and Cernogora' this shift
amounts to

f2
E=

2md

' 2/3
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FIG. 10. Shift of the reduced band gap Eg(pure) —EGq
[EG(pure) =1.17 eV] vs carrier concentration n. Solid line refers
to the calculation by Berggren and Sernelius {Ref. 12) assuming
a random arrangement of the donors, and dashed line refers to
the calculation assuming an arrangement in a fcc lattice.
Dashed-dotted lines shows the result of Mahan's variational cal-
culation {Ref. 11) and the dotted curve gives the results of ab-

sorption measurements by Schmid (Ref. 4).

EG (pure) —EG 2- (4)

with md being the effective density-of-states mass of the
minority carriers. Considering luminescence spectra taken
at finite temperature the relevant quantity is e, the energy
of the maximum of the minority-carrier distribution. '

For electron concentrations of 10's, 10', and 10 0 cm
one obtains @=1.7, 8, and 37 meV, respectively. Assum-
ing a carrier temperature of =10 K and nondegenerate
holes, Z amounts to =1.5, 4, and 10 meV, respectively.
So the effective reduction of the band gap EG2 due to
band tailing is =0, =4, and =27 meV for 10', 10', and
10 donors per cm . Therefore the effect of band tailing
becomes important only for the most heavily doped sam-
ples and it does not significantly alter the conclusions
made above.

For p-type material this effect is reduced due to the
larger density-of-states mass of the electrons. For an ac-
ceptor concentration of 10 cm the effective reduction
amounts to only =13 meV compared to =27 meV for n

type doping.
The influence of the chemical nature of the donor or ac-

ceptor atom on the band-gap reduction has been calculat-
ed recently by Vina et a/. ' They found a band-gap reduc-
tion which is 10% larger in Si:As than in Si:P for a donor
concentration of 5X10 cm . In the experiment the
band-gap reduction found for the arsenic-doped sample
fits together with the data found for Si:P (see Fig. 10) in-
dicating, at least, no strong dependence on the nature of
the donor atoms. One has to keep in mind, however, that
the influence of the nature of the impurity found in the
above-mentioned calculations is comparable to the experi-
mental accuracy. Therefore no definitive conclusion can
be drawn on this point.

Also shown in Figs. 10 and 11 are the results of the ab-
sorption study by Schmid. He found the reduced band
gap to vary with the carrier density as
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C

018 )019 )02Q n (cm 3)

200- Sj:B T=10K
I(

~.l50-
LU

I

~ 100-
CL

w 5o-

1 . I I 1 l l l l

2 3 4 5 6 7 8
10 n (cm )

FIG. 11. Shift of the reduced band gap EG(pure) —EG2
[EG(pure) =1.17 eV] vs carrier concentration n Solid line sh. ows
the result of the Lindhard calculation by Abram et al. (Ref. 1)
and the dotted curve refers to absorption data by Schmid (Ref.
4.)

with n, a critical density of 5—6X10' cm and y=0.8
as a critical exponent. The values obtained are much
smaller than the ones found by luminescence. This
discrepancy can possibly be explained by the rather com-
plicated procedure needed to extract the gap position from
the absorption data.

The values of EG i and EG z obtained by PL as well as
PLE measurements are displayed in Fig. 12 for carrier
concentrations ranging from 10' cm to 4X 10 cm
To the PLE data of EG i for carrier concentrations below
3&&10' cm the excitation binding energy of 14.7 meV
(Ref. 17) has been added to remove the discontinuity of
the optical gap at the critical Mott density (see Sec. IIIB).
The reduced gap EG 2 shows within the experimental error
the same shrinkage for n- and p-type material. The opti-
cal gap, in contrast, behaves differently for donor or ac-
ceptor doping. For n-type samples it remains nearly con-
stant from 4&(10 to 1.5&10 cm, whereas in p-type
material an increase is observed for carrier concentrations
above 10 cm . This difference in behavior is due to the
difference in the effective density-of-states masses for
electrons and holes. So the mass of the electrons,
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m&, ——1.062mo, is nearly twice as large as the one of the
holes, md' ——0.577mo. ' ' In these quantities the sixfold
degeneracy of the conduction band, as well as the degen-
eracy of the light and heavy valence band at the
Brillouin-zone center, are included. The smaller mass of
the holes results in a larger band filling in p-type material
than in n-type samples for a given carrier concentration.

Figure 12 also displays theoretical curves for EG, and
EG g. For thc rcduccd gap EG 2 hcI'c, again thc dRta by
Berggren and Sernelius' and Abram et al. ' are shown.
For the low-density bmit the theoretical curves approach
the exciton binding energy, whereas the experimental data
do not include any excitonic binding. Comparing the PL
spectra calculated by Selloni and Pantelides' with the ex-
perimental data presented here, a good agreement, espe-
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FIG. 12. Optical (EG &) and reduced band gap (EG,2) as deter-
m1ned by PI and PLE spectroscopy vs carriel concentIat1on for
n- and p-type material. Arrow on the energy scale indicates the
band-gap energy of pure silicon. Solid line shows the result of
the calculation of EG2 in n-type material by Berggren and Ser-
nelius (Ref. 12) and the dashed line refers to the calculation of
EG2 for p-type doping by Abram et aI. (Ref. 1). Hatched area
indicates the width and position of' the luminescence spectra cal-
culated by Selloni and Pantelides (Ref. 13). Bashed-dotted line
shows the optical gap for p-type silicon calculated using the re-
sults by Abram et al. and the carrier-concentration-dependent
density-of-states masses for holes given by Barber (Ref. 22).

cially for EG 2, is found (EG I and EG 2 have been extracted
from the calculated curves in the same way they were ex-
tracted from the experimental spectra). This agreement is
remarkable because these calculations already include dis-
or'dcr effects. For the optical gap EG &

the data of Selloni
and Pantelides are somewhat smaller, but this can be due
to a higher carrier temperature in the experiment than
that assumed for the calculation. In order to obtain
theoretical data on the optical gap of p-type material, the
Fermi energy was calculated using the density-dependent
hole masses of Barber, and added to the calculated
values for EG2.' The resulting curve reproduces the in-
crease of the optical gap for doping levels above 10
cm found in the experiment.

The approximate constancy of the optical band gap EG &

for n-type material led Schmid et al.s to conclude that the
effective band-gap shrinkage EG(pure) —EG2 goes as n ~

rather than n'~. The present results, however, clearly
show that the gap shrinkage is proportional to n for
both n- and p-type samples. The constancy of EG I for n
type doping in the concentration range (6)& 10"—1 &(102o
cm ) under investigation in Ref. 8 is due to a rather flat
minimum in the EG i(n) relation at =5X 10' cm

V. CQNCI. USIONS

The variation of the optical band gap as well as the re-
duced gap with doping has been stUdlcd by PL and PLE
spectroscopy. The values for the optical gap obtained by
luminescence RIld sclcctlvc abso1ptlon afc ln good agr'ce-
ment. The shrinkage of the reduced band gap is found to
be proportional to the carrier concentration to the one-
third (n'~ ). For both n and P-type mat-erials the same
dependence of the reduced gap on the carrier concentra-
tion is observed, whereas the shift of the optical gap
shows a different behavior due the differences in the
density-of-states masses of electrons and holes. A detailed
comparison of the experimental data presented here with
calculations has been performed.
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