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Band-gap narrowing in heavily doped silicon at 20 and 300 K studied by photoluminescence
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The band-gap shrinkage in heavily doped » and p-type silicon is studied by photoluminescence both at
low temperatures (20 K) and at room temperature (300 K). A line-shape analysis was performed to deter-
mine the indirect band-gap energy from the emission spectra. Within the experimental accuracy the same
band-gap shift is observed at room temperature as at low temperature. The present results are compared
with experimental data from other optical studies and with theoretical calculations.

The band-gap -narrowing in heavily doped silicon is of
basic as well as practical interest, e.g., for the modeling of
device properties.! Quantitative data on this band-gap nar-
rowing have been derived from electrical-transport experi-
ments? as well as from optical measurements like absorp-
tion?-5 and photoluminescence (PL).6-?

The determination of the band-gap shift from transport
measurements, however, depends very much on the model
used for the evaluation of the data.l® Therefore this
method does not provide a useful tool to determine the
band-gap shrinkage upon doping accurately. Optical absorp-
tion is a more direct way to measure the band-gap energy as
a function of the carrier concentration. In silicon, however,
the band-to-band absorption spectrum overlaps strongly
with the free-carrier absorption for photon energies close to
the band-gap energy. Therefore one has to rely on the ex-
trapolation of the absorption spectrum at photon energies
high above the band gap to zero absorption to determine
the band-gap energy. The band-gap shrinkage obtained by
this method is up to 50 meV smaller than the shrinkage
determined by transport measurements”®!! or photo-
luminescence experiments.””®° As pointed out by Dumke,’
this discrepancy can be caused by a nonrigid shift of the
bands which is greater for states close to the band edges
than for states higher up in energy.

The photoluminescence (PL) technique has been proven
as a reliable tool to measure the band-gap shift in heavily
doped silicon.®® This technique measures the spectrum
emitted by the radiative recombination of photocreated
minority carriers. The emission band extends from the re-
duced band-gap energy Eg, (low-energy edge), which is the
difference between the top of the valence band and the bot-
tom of conduction band, to the energy of the optical gap
Eg,1 (high-energy cutoff), which is the sum of Eg,; and the
band filling Ef.

Using the related technique of photoluminescence excita-
tion (PLE) spectroscopy, which allows to ‘‘see through” the
free-carrier absorption, the indirect absorption edge could be
measured directly in heavily doped silicon.!?> The band-gap
reduction obtained by this technique is in good agreement
with the data from photoluminescence measurements. This
finding gives further confidence in the band-gap shifts
determined by the photoluminescence technique.

In the present study, data on the band-gap narrowing
upon doping are presented both for low temperatures and
for room temperature. Previous studies for dopant concen-
trations above 4% 10! cm~3 were only restricted to the

32

low-temperature range ( <20 K).5-%12 For dopant densities
below that value, temperature-dependent PL studies
(=160 K) are reported for n-type silicon in the litera-
ture.!>* However, room-temperature data up to doping
levels of = 102 cm™3 for »- and p-type material are of great
interest for the device application.

The samples used in the present study were bulk doped
with a maximum carrier concentration of 1.5% 102 cm~3 for
n-type and 4x10% cm~3 for p-type material. They were
mounted in a temperature-controlled cryostat and the
luminescence was excited by the 647 nm line of a Kr* laser
at a power density of 200-400 W/cm?. The luminescence
light was dispersed with a 1-m double monochromator and
detected with an intrinsic Ge photodiode.

In a previous study,’ the shrinkage of the reduced band
gap Eg, was determined from low-temperature PL spectra,
taking the point on the low-energy side of the emission
band, where the intensity if 5% of the peak value, to define
Eg,. To get a more objective measure for Eg,, the PL
spectra presented in Ref. 9 were reanalyzed performing a
line-shape analysis.!? The emission line shape I(hv) was
expressed, assuming constant matrix elements, by the con-
volution of the densities of states D,(E) and D,(E) weight-
ed by the distribution functions f,(E) and f,(E) (the sub-
scriﬁtslse and A stand for electrons and holes, respective-
ly):1%

1)~ 7 f.(E)DLE) fiuChv = Eg 2~ E)

XDh(hV—'EG'Z—E)dE (1)

For n-type [p-typel doping f.(E)[f,(E)] represents the
Fermi distribution function and f,(E)[f.,(E)] can be
described by a Boltzmann distribution. Thereby, thermali-
zation of the minority carriers is assumed. For »-type ma-
terial a parabolic conduction band was used for calculating
D,(E), whereas for p-type material the complex structure of
the valence band was taken into account.!®* To include
band-tailing effects, incomplete thermalization of the car-
riers and the finite resolution in the experiment, a Gaussian
broadening of I(hv) was introduced’~!? with a broadening
parameter Es. For details of the fitting procedure see Ref.
12.

The shift AEg of the reduced band gap Eg, with respect
to the band gap of pure silicon Eg(pure), as obtained from
the line-shape analysis, is plotted versus carrier concentra-
tion in Fig. 1. Also shown are experimental PL data for n-
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FIG. 1. Shift of the reduced band gap AEg=Eg(pure) — Eg ,
[Eg(pure) =1.17 eV] vs carrier concentration at 20 K. The open
(n-type) and filled (p-type) circles show data from the present study
and the crosses are data for n-type doping from Dumke (Ref. 7).
The solid line refers to the calculation by Berggren and Sernelius
(Ref. 17) assuming a random arrangement of the donors. The
dashed (#type) and dash-dotted (p-type) curves give the results of
low-temperature absorption measurements by Schmid (Ref. 5).

type material reported by Dumke, which were also obtained
by a line-shape analysis.” They are, within the experimental
error, in good agreement with the present data. For com-
parison, the results of absorption measurements by Schmid’
and of theoretical calculations by Berggren and Sernelius!’
are also depicted.

In order to determine the band-gap shrinkage upon dop-
ing at 300 K, PL spectra were recorded also at room tem-
perature. Two examples for Si:B, 1.7x10% carriers/cm?,
and Si:P, 8x 10" carriers/cm? are shown in Fig. 2. Again, a
line-shape analysis was performed to deduce Eg, from the
experimental spectra., As for calculating the low-tem-
perature spectra, Eq. (1) was used to compute the room-
temperature spectra. To account for the various Stokes and
anti-Stokes phonon replicas up to seven calculated curves
were superimposed—Stokes and anti-Stokes replica of the
three phonon-assisted emission lines plus, for n-type dop-
ing, the no-phonon replica. The relative coupling strengths
of the various replicas were taken from the low-temperature
line-shape analysis.!? The intensity ratio of the anti-Stokes
and the Stokes component of each particular phonon replica
was calculated using Bose-Einstein distribution factors.

For n-type samples, the chemical potential u was calculat-
ed from the known carrier concentration » by inverting the
following expression:!$

n= NcFI/Z(M/kB T) . (2)

N, denotes the effective density of states in the conduction
band, Fy/; the Fermi integral, and 7 the temperature of the
electrons. For n-type silicon at room temperature [electron
density-of-states mass mg=1.062 my (Ref. 19)] the effec-
tive density of states amounts to N,=3.1x10" cm~3!8
The carrier temperature used for the line-shape calculations
was 300-330 K. The only remaining fitting parameters are
the reduced band gap Eg ; and the broadening Ej.

For p-type samples the calculation of the chemical poten-
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FIG. 2. Room-temperature PL spectra (solid line) for Si:P
(8x 10! carriers/cm3) and Si:B (1.7x 1020 carriers/cm3). The dot-
ted curves show calculated emission line shapes fitted to the experi-
mental spectra (see text).

tial for a given carrier concentration is not as straightfor-
ward as for n-type doping due to the complex structure of
the valence band.'® Therefore Eg ), Es, and the chemical
potential u were used as fitting parameters. The values of
u derived from the line-shape fit are comparable to the
chemical potential which was estimated assuming a parabolic
valence band with a carrier-density-dependent hole density-
of-states mass.!6

The best fits obtained are also shown in Fig. 2. The
agreement between the experimental and the fitted curve is
good except for the low-energy edge. But as discussed for
the low-temperature spectra,!? this might be due to the sim-
ple way used to include band-tailing effects in the present
line-shape calculations. For the same reason, the present
line-shape model failed to give a satisfactory fit to the low-
energy side of the experimental spectra for carrier concen-
trations below the degeneracy limit [~ (2—3)x 10! ¢cm~3
at 300 K (Ref. 18)]. Therefore, the point on the low-energy
side at which the luminescence intensity is 10% of the peak
value has been used to define Eg, for samples with carrier
concentrations in the range of 10'8-10' cm~3. This choice
is justified by the fact that, for carrier concentrations above
the degeneracy limit, the 10% point coincides within a few
meV with the position of Eg, deduced from the line-shape
analysis.

The shift of the reduced band gap Eg,, relative to the gap
of pure silicon obtained from the analysis described above,
is plotted in Fig. 3 versus the carrier concentration together
with the room-temperature absorption data on n-type silicon
reported by Balkanski, Aziza, and Amzallag,* and theoreti-
cal calculations for a-type silicon at 300 K by Saunderson.?®
Also at room temperature the band-gap shrinkage obtained
from absorption measurements*> is smaller than the shrink-
age determined by PL experiments. That discrepancy is of
the same order ( =< 50 meV) as for low temperatures.”’

Comparing the band-gap energies at 20 and 300 K, within
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FIG. 3. Shift of the reduced band gap AEg=Eg(pure)— Eg,
[Eg(pure) =1.11 eV] vs carrier concentration at 300 K. The open
(n-type) and filled (p-type) circles show data from the present
study. The open squares represent absorption data from Balkanski
et al. (Ref. 4). The solid line refers to the calculation of the room-

temperature band-gap shrinkage in n-type silicon by Saunderson
(Ref. 20).

the experimental error, the same gap shrinkage is observed.
This result is consistent with the absorption data by Balkan-
ski et al* and Schmid.’* They find, within a few meV, the
same band-gap narrowing at low temperature as at room
temperature.?! Judging from the scatter of the PL data, the
accuracy of the present results can be estimated to about
+10 meV. Improvements on that point could be obtained
by using a more detailed model for band-tailing effects in
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the calculation of the emission line shape. Another effect,
which should be included in a future study, is the additional
broadening due to the finite lifetime in the final state of the
luminescence transition.?%23

The result of recent calculations by Berggren and Ser-

- nelius,!” performed for n-type doping and zero temperature,

gives a good description of the present low-temperature data
(see Fig. 1). Calculations of the band-gap reduction in »-
type as well as p-type silicon for zero temperature have been
carried out by Abram, Childs, and Saunderson.?* Their
results (not shown in Fig. 1) are in good agreement with the
calculations by Berggren and Sernelius.!” The agreement of
the room-temperature calculations by Saunderson?® with the
present experimental data (see Fig. 3), however, is less sa-
tisfactory than for the low-temperature case discussed
above. Over the whole range covered by the theory the ex-
perimental gap shrinkage is smaller than the reduction
predicted by theory.

In summary, the narrowing of the band gap with doping
has been studied by PL spectroscopy at low temperatures
(20 K) and at room temperature (300 K). To extract the
energy of the reduced band gap from the experimental spec-
tra a line-shape analysis has been performed. The shrinkage
of the reduced band gap, with respect to the band gap of
pure material, is found to be the same, within the experi-
mental error, at 300 as at 20 K. The gap reduction is also
independent on the type of doping (# or p type).
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