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Topographically flat, single crystal silicon supersaturated with the chalcogens S, Se, and Te was
prepared by ion implantation followed by pulsed laser melting and rapid solidification. The
influences of the number of laser shots on the atomic and carrier concentration-depth profiles were
measured with secondary ion mass spectrometry and spreading resistance profiling, respectively. We
found good agreement between the atomic concentration-depth profiles obtained from experiments
and a one-dimensional model for plane-front melting, solidification, liquid-phase diffusion, with
kinetic solute trapping, and surface evaporation. Broadband subband gap absorption is exhibited by
all dopants over a wavelength range from 1 to 2.5 microns. The absorption did not change
appreciably with increasing number of laser shots, despite a measurable loss of chalcogen and of
electronic carriers after each shot. © 2010 American Institute of Physics. �doi:10.1063/1.3415544�

I. INTRODUCTION

There has been much interest recently in the subband
gap optical1–7 and optoelectronic3 properties of chalcogen-
supersaturated silicon. These materials have been prepared
by laser-structuring,1–4 laser incorporation,7 and ion implan-
tation and pulsed laser melting.5,6

During high-dose ion implantation, the implanted region
becomes amorphous, and this material shows negligible sub-
band gap optical absorption.6 Pulsed laser melting with a
nanosecond laser is a well-established method of returning
the material to a crystalline state. Ion implantation, pulsed
laser melting, and rapid solidification have been found to
result in high quality single crystalline material with sulfur
concentrations four orders of magnitude in excess of the
equilibrium solubility limit.5 Furthermore, the material ex-
hibits strong subband gap optical absorptance in the wave-
length range 1000–2500 nm, with absorption coefficients ex-
ceeding 104 cm−1. Although the absorption coefficient is
very sensitive to dose6 and anneal temperature,5 diode char-
acteristics are relatively insensitive to dose but very sensitive
to anneal temperature.6 Here we report a study of the influ-
ence of the laser treatment, including the number of laser
shots received by the material, on the optical properties and
concentration-depth profile of S, Se, and Te doped Si layers.

II. EXPERIMENT

300 �m thick, double-side polished p-type Si�001� wa-
fers, resistivity 5–25 � cm, were ion implanted at room

temperature with either 95 keV 32S+, 176 keV 80Se+, or 245
keV 130Te+, to doses of approximately 1�1016 ions /cm2.
All the samples were tilted by �7° off the incident beam
axis to minimize channeling. Pulsed laser melting was per-
formed in ambient using a XeCl excimer laser beam �308
nm, 25 ns full width at half maximum, 50 ns total duration�
at a fluence of 1.7 J /cm2 �S implants� and 2.3 J /cm2 �Se
and Te implants�. The spatially homogenized laser spot was
approximately 3�3 mm2. Time-resolved reflectivity using a
low-power Ar+ ion laser �488 nm� and a fast photodiode
confirmed an optically flat surface was used to measure the
melt duration. The laser fluence was always calibrated prior
to melting the actual sample by measuring the melt duration
of an untreated Si wafer under a given setting of the pulse
energy and focusing optics, and comparing with numerical
solutions of the one-dimensional �1D� heat equation that uti-
lize the well-established optical and thermophysical proper-
ties of Si.8,9

Secondary ion mass spectrometry �SIMS� was per-
formed with a Physical Electronics 6650 quadrupole mass
spectrometer using a 4 keV Cs+ primary beam at an incident
angle of 60° from the surface normal and monitoring the
28Si, 32S, 80Se, and 130Te secondary ions. The depth scale
was obtained by calibrating the sputter time with measured
etch craters. The dopant concentrations were obtained by us-
ing measured doses from Rutherford backscattering spec-
trometry measurements �for the case of Se and Te� and by
comparing the integrated yield under a SIMS profile at low
sputtering rate with the expected dose from implantation �for
the case of S�.

Absorption data were obtained using a Hitachi U-4001
UV-VIS-NIR spectrophotometer equipped with an integrat-
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ing sphere detector. The spot was focused so that the entire
beam was smaller than the laser melted area. The total ab-
sorptance A was determined from the directly measured
transmittance TM and reflectance RM, according to A=1
−TM −RM. The reflectance spectra are calibrated using a gold
mirror as a reference, and both the transmittance and absorp-
tance spectra are smoothed by adjacent wavelength averag-
ing. The measured reflectance, RM, includes the effect of
multiple reflections. When we use published reflectance data
to estimate the reflectance at the front and back surface, the
agreement between the estimated and measured values of RM

is excellent. This indicates that reflectance of the front and
back surface of our samples is close to that of an unim-
planted silicon wafer. Therefore, we obtained the effective
�d product, where � is the absorption coefficient and d is the
thickness of the absorbing layer, using TM and published
reflectance data.10

Spreading resistance depth profiling �SRP� was per-
formed on all samples �Solecon, Inc.�. The measured resis-
tivity � was converted to carrier concentration n using n
=1 / �e��� with e the electron charge and � the electron mo-
bility. The model of Kaiblinger-Grujin et al.11 was used to
calculate the chalcogen concentration-dependent mobility us-
ing the SIMS data to provide the atomic profiles.

III. RESULTS AND DISCUSSION

Figure 1 shows the calibrated SIMS concentration-depth

profiles for S, Se, and Te implants �top, middle, and bottom,
respectively� for 0, 1, 2, 3, and 4 laser shots. The inset in
each figure shows the total retained dose as a function of
number of laser shots. The amount of retained chalcogen
decreased by about 20% for the S sample and about 30% for
the Se and Te samples after four laser shots.

To understand the evolution of the chalcogen concentra-
tion profile during laser melting, we used a numerical solu-
tion of the 1D diffusion equation with segregation at a mov-
ing boundary, which has been discussed previously.12 The
validity of these heat flow calculations has been experimen-
tally confirmed.8,9 Because the experimental profiles show
significant chalcogen loss �Fig. 1�, which we attribute to sur-
face evaporation, we included this effect in the theoretical
simulations in a simple way by assuming an evaporative flux
given by vevapC0�t�, where C0�t� is the time-dependent chal-
cogen concentration in the liquid at the free surface and the
surface evaporation velocity vevap is a unimolecular rate
constant13 analogous to the surface recombination velocity
for carriers. Three input quantities are needed to fit the ex-
perimental SIMS profiles: Dliq, the liquid diffusivity of the
dopant; vD, the dopant diffusive velocity; and vevap. Experi-
mental values for these parameters were not available, and
therefore, they are treated as fitting parameters.

For Dliq and vD, we determined the value of these pa-
rameters that successfully reproduced for each laser pulse the
deeper-than-peak region of each experimental SIMS profile
�where evaporation effects should be negligible�. These re-
sults are shown in Table I. For S, we found that for a single
value of Dliq and vD, we could obtain good agreement for the
evolution of all profiles. For Se and Te, a single Dliq could
not be used to fit the data for all profiles and so the values
that give the best fit are shown in Table I. However, a single
vD for Se and for Te did give a good fit to the deeper-than-
peak side of SIMS profiles. In cases where no values of Dliq

and vD could fit the data, no value is presented in Table I. We
believe that the inability to obtain a good fit in such cases
arises from problems with the calibration of the depth axis in
the corresponding SIMS measurements.

For vevap, we determined the value that gave the best
agreement with the shallower-than-peak region of each ex-
perimental SIMS profile, using the same best fit Dliq and vD

values shown in Table I. Figure 2 shows the agreement that
was obtained for the evolution of the as-implanted S profile
during the first laser shot. The agreement deeper than the

FIG. 1. �Color online� Experimental SIMS profiles of S, Se, and Te atoms
�top, middle, bottom, respectively� in p-Si�001�, as a function of number
laser shots. The insets show the total retained dose vs number of laser shots.

TABLE I. Parameters used in diffusion calculations and fitting of SIMS
depth profiles.

Dopant No. of shots
vD

�m/s�
Dliq

��10−4 cm2 /s�
vevap

�nm/s�

S 1 1.0 1.4 0.27
S 3 1.0 1.4 0.054
S 4 1.0 1.4 0.054
Se 2 1.5 1.4 0.21
Se 3 1.5 2.9 0.19
Te 1 3.5 2 0.27
Te 3 3.5 1 0.036
Te 4 3.5 3 ¯
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impurity peak is good and is unaffected by the choice of
vevap. Setting vevap=0.27 nm /s gives reasonably good agree-
ment with the entire SIMS profile, whereas vevap=0, corre-
sponding to no surface evaporation, gives poor agreement.
Table I also shows the best fit value of vevap for each profile
for S, Se, and Te samples; each value has an uncertainty of
about 20% due to noise in the experimental data.

Figure 3 shows the measured transmittance �TM� and
reflectance �RM�. The panels correspond to S-, Se-, and Te-
implanted samples, respectively, and each plot shows TM and

1-RM for samples that have received 1, 2, 3, and 4 laser
shots. The absorptance A is therefore the vertical distance
between the RM and TM curves. These are the same samples
on which SIMS analysis described above was performed. In
Fig. 4, we plot the �d product for S, Se, and Te implanted
samples irradiated with four laser shots. The right axis shows
the value of the absorption coefficient assuming a doped
layer thickness d=300 nm.

Several features in these spectra are noteworthy. First,
the absorption is reasonably uniform across the portion of the
IR that is investigated here, but rises slightly with increasing
wavelength. We have previously reported such behavior for
S-doped samples.5 Second, the change in the reflectance,
transmittance, and �d product with increasing number of
shots is within the uncertainty of the measurement. We at-
tribute this in part to differences in the samples themselves,
arising from shot-to-shot variations in intensity delivered by
each laser shot. To eliminate the effect of sample to sample
variation, a single spot on a Si:S sample was repeatedly ir-
radiated and the �d product measured in the spectrophotom-
eter. At 2000 nm, the �d product increased by about 20%
between the first and fourth shot. However, the increase ap-
peared to saturate, as the difference between 3 and 4 shots is
negligible.

Based on our previous observation that the absorptance
depends on the chalcogen concentration, we might have ex-
pected to observe a more significant change in absorptance
with increasing number of laser shots.5,14 It is conceivable
that the laser heating may alter the doping concentration-
depth profile in a way that deviates from the �atomic� chal-
cogen concentration profile. To investigate this, we per-
formed SRP measurements on all samples. The mobilities so
obtained give excellent agreement with the values obtained
from previous Hall measurements, as shown in Table II, for
the S dose �1�1016 atoms /cm2� used in this current study,
and reasonably good agreement at lower doses.6 Figure 5
shows the carrier concentration-depth profiles for 1–4 laser
shots for each dopant. For all dopants, the carrier concentra-
tion shows a decrease with increasing number of shots. This
decrease occurs over the full depth profile but is highest at
the impurity peak. Comparing the carrier profiles in Fig. 5
with the SIMS atomic profiles in Fig. 1 reveals that �i� the
carrier concentrations are considerably lower than the atomic
concentrations �by a factor of at least 3 for S and Te, and

FIG. 2. �Color online� Calculations reproducing experimental SIMS profile
evolved from as-implanted �squares� to 1-shot �triangles� using 1D diffusion
calculation, with �dashed line� and without �solid line� surface evaporation
included in the calculation.

FIG. 3. �Color online� Reflectance �top curves—right axis, values plotted in
reverse� and transmittance �bottom curves—left axis� for S, Se, and Te dop-
ants �top, middle, and bottom panels� at varying number of laser shots. The
vertical distance between a given reflectance and transmittance measure-
ment is equal to the absorptance A.

FIG. 4. �Color online� �d product �left axis�, absorption coefficient �right
axis� for S, Se, Te dopants, four laser shots. Absorbing layer thickness d is
approximated at 300 nm for all samples.
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more than an order of magnitude for Se� and �ii� after four
laser shots the carrier concentration drops somewhat faster
than the atomic concentration for all chalcogen dopants. This
indicates that the fraction of electrically inactive to active
chalcogen increases with increasing number of laser shots,
but we cannot say conclusively whether the electrically ac-
tive species are being lost to preferential ablation or because
laser melting leads to the electrical deactivation of some of
the chalcogen.

As we have previously reported, as-implanted samples
show no subband gap absorption,5 and spreading resistance
measurements of as-implanted samples are indistinguishable
from those made on bulk wafers. This would suggest that the
laser-induced crystallization must cause the chalcogen spe-
cies to be optically active. Possible reasons include that the
optically active species is either an isolated chalcogen atom
on a particular site, a cluster containing a single chalcogen
atom and one or more Si self-interstitials or impurities such
as oxygen,15 or a cluster containing more than one chalcogen

atom.16 If the active species is an isolated chalcogen atom on
a particular site, and clusters are not optically active, then we
expect that optical absorption will increase in proportion to
chalcogen concentration,15 unless the Fermi level moves sig-
nificantly with chalcogen concentration. The behavior of an
impurity-containing cluster containing a single chalcogen
atom may be similar to that of an isolated chalcogen mono-
mer, but the multishot behavior may be different depending
on the nature of the cluster and the concentration of the im-
purity. SIMS of 4-shot Si:S samples showed an oxygen con-
centration of 2.1�1019 atoms /cm3 at the depth of the S
peak, which is about 6% of the S concentration at that depth.
The concentration of multichalcogen clusters should increase
superlinearly with overall chalcogen concentration and, if
their concentration is significant, this should be reflected in a
sublinear dependence of the single-chalcogen-atom-bearing
cluster concentration with overall chalcogen concentration.
In this case, the absorption coefficient would display super-
linear behavior if the optically active defect is a cluster con-
taining more than one chalcogen atom and sublinear behav-
ior if the optically active defect is a cluster containing only
one chalcogen atom. It is also possible that clusters above a
certain size are optically inactive; if this is the case, then over
some range of concentration, the absorption should show
sublinear behavior with increasing concentration.

To help further understand the relationship between
atomic and electrical dopant concentrations and light absorp-
tion, we performed an experiment to measure the absorption
coefficient versus depth for 1-shot and 4-shot Si:S samples.
Reactive ion etching using an Ar /SF6 plasma at a pressure of
10 mTorr was used to controllably remove a layer of material
and profilometry was performed afterwards to identify the
thickness of the layer that had been removed. Profilometry
showed that the surface roughness was much smaller than
the wavelengths being measured, and we, therefore, assume
that the reflectance does not change as a result of the etching
process. For each etch n, we obtained the absorption coeffi-
cient � for each etched layer for the S case for 1 and 4 laser
shots. The average value of � for each layer was taken for
photon energies between 0.6 and 1.1 eV, and is shown as a
function of depth in Fig. 6. Data from two separate experi-
ments are shown. The � for both the 1 shot and 4 shot
samples are reasonably close at all depths, which is consis-
tent with the earlier observation that the total absorptance
does not change significantly with number of laser shots. In
particular, even though there is 67% more S at the peak of
the S profile in the 1-shot sample compared with the 4-shot
sample, the values of � for these samples differ by only a
few percent. The inset shows � versus the average S concen-
tration in each layer and indicates a general trend, whereby �
increases with increasing S concentration up to about 4
�1020 atoms /cm3, and does not increase further at higher S
concentrations. The simplest explanation for this sublinear
behavior is that the optically active species is either an iso-
lated chalcogen atom on a particular site or a cluster contain-
ing a single chalcogen atom. However, we cannot rule out
the possibility that optical absorption comes from a distribu-
tion of cluster sizes containing multiple chalcogen atoms,
with a distribution of absorption cross sections.

TABLE II. Comparison of calculated and measured mobilities for S.

Dose
�cm−2�

ND
a

�cm−3�
Hall mobilitya

�cm2 /V s�

Calculated mobility
�Kaiblinger-Grujin

formula�
�cm2 /V s�

1�1016 2.3�1020 61 57
3�1015 7.7�1019 69 75
1�1015 2.3�1019 200 95

aReference 6.

FIG. 5. �Color online� Carrier concentration calculated from spreading re-
sistance profiles. Because SIMS data was used to calculate the mobility,
profiles for which the SIMS data was deemed unreliable are omitted.
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IV. SUMMARY

We have shown that doping with S, Se, and Te chalcogen
impurities in excess of the solubility limit can result in sub-
band gap optical absorption in silicon over the wavelength
range 1.0–2.5 �m. The chalcogens were introduced by ion
implantation; pulsed laser melting was used to remove dis-
order and optically activate the chalcogen dopant in silicon.
Numerical solutions to the 1D heat equation and the 1D dif-
fusion equation were used to simulate the atomic chalcogen
profile evolution during laser melting. Results indicated the
following: �i� the atomic profiles following laser melting can
be successfully modeled with simulations based on heat flow
calculations with a constant liquid diffusivity and dopant dif-
fusive velocity for each chalcogen, and a decreasing surface
evaporation velocity with increasing number of laser shots
for all chalcogens. �ii� Comparison of the SIMS atomic pro-
files with electrical profiles of the dopant indicated that only
a small fraction of dopants was electrically active. �iii� The
magnitude of absorption for all chalcogens did not change
significantly with increasing laser shots over a large wave-
length range despite the fact that the atomic 2D sheet con-
centrations dropped by about 15% from 1-shot to 4-shot laser
processing and the electrical 2D sheet concentration dropped

by between 45% and 75%. �iv� There is not a strong corre-
lation of depth profiles of the optical activity �absorption
coefficient� with atomic and carrier concentration-depth pro-
files. This suggests that not all the chalcogen concentration is
equally active optically and that some of the chalcogen con-
centration had clustered, with some of these clusters having
different optical activity than nonclustered chalcogen.
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