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Silicon doped with nonequilibrium concentrations of chalcogens using a femtosecond laser
exhibits near-unity absorption of sub-bandgap photons to wavelengths of at least 2500 nm. Previous
studies have shown that sub-bandgap absorptance decreases with thermal annealing up to 1175 K
and that the absorption deactivation correlates with chalcogen diffusivity. In this work, we show
that sub-bandgap absorptance can be reactivated by annealing at temperatures between 1350 and
1550 K followed by fast cooling 共⬎50 K / s兲. Our results suggest that the defects responsible for
sub-bandgap absorptance are in equilibrium at high temperatures in hyperdoped Si:chalcogen
systems. © 2011 American Institute of Physics. 关doi:10.1063/1.3599450兴
Hyperdoping silicon with heavy chalcogens 共sulfur, selenium, or tellurium兲 to orders of magnitude above roomtemperature solubility results in strong sub-bandgap absorptance to at least 2500 nm.1,2 Hyperdoped silicon has potential
use in infrared detectors,3 light emitting diodes,4 and a wide
range of other semiconductor devices.5 However, the exact
mechanism for the enhanced broadband absorptance is not
yet well understood.
Previous research demonstrated that thermal annealing
of hyperdoped silicon decreases absorption of photons with
energy less than the bandgap.1,6 The sub-bandgap absorptance decreases with increased annealing time and temperature up to 1175 K. After annealing, the sub-bandgap absorptance is a function of dopant diffusion lengths, regardless of
the dopant species 共S, Se, or Te兲.6 It was suggested that precipitation of supersaturated dopant species at heterogeneous
nucleation sites, such as grain boundaries, may cause the
deactivation of the sub-bandgap absorptance.6
In this letter, we probe the thermodynamics of subbandgap absorptance at higher temperatures and observe a
behavior not predicted by the previously proposed diffusion/
precipitation model. Thermal annealing at temperatures
above 1350 K followed by rapid cooling maintains subbandgap absorptance in hyperdoped silicon for both sulfur
and selenium dopants. We also show that the fraction of subbandgap photons absorbed depends on the cooling rate, suggesting a kinetically limited process. Furthermore, subbandgap absorptance is reactivated in samples where it has
previously been deactivated by annealing. In addition to offering insight into the nature of the sub-bandgap absorptance
in hyperdoped silicon, these results demonstrate that the
sub-bandgap absorptance can be thermally engineered and
controlled to optimize device characteristics and performance, increasing the practical applications of chalcogenhyperdoped silicon.
To explore the high-concentration, high-temperature regime of the Si:chalcogen system, we hyperdoped a set of
c-Si samples with sulfur and selenium using a femtosecond
laser doping technique, detailed elsewhere.1,2,6 We used
a兲

Electronic mail: sher@physics.harvard.edu.

0003-6951/2011/98共25兲/251905/3/$30.00

boron-doped silicon 共100兲 wafers 共 ⬎ 100 ⍀ cm兲. For sulfur doping, the wafer is placed on a translation stage in a
chamber filled with sulfur hexafluoride 共SF6兲 gas to 6.7
⫻ 104 Pa. For selenium doping, we thermally evaporate a
thin 65 nm selenium film 共99.95% purity兲 onto the wafer
before loading the sample into the chamber filled with
nitrogen to 6.7⫻ 104 Pa. We irradiate the wafers with 80 fs,
800 nm Ti:sapphire laser pulses. The laser pulses have average energy of 1.7 mJ and are focused to 420 m 共full width
at half maximum of a Gaussian intensity profile兲 to achieve a
fluence of 8 kJ/ m2 for sulfur doping and to 590 m 共yielding a fluence of 4 kJ/ m2兲 for selenium doping. A 20
⫻ 40 mm2 area is irradiated by translating the sample stage
at 1.2 mm/s. After laser irradiation, the surface layer of the
silicon wafer is heavily doped with sulfur or selenium with
concentrations between 1020 and 1021 cm−3.2 The surface is
transformed into a rough landscape of micrometer-scaled
spikes. The formation and structural characteristics of these
spikes are discussed elsewhere.7 As a control sample, we
laser irradiated silicon without dopant precursor in a nitrogen
environment.
After laser doping, samples were cut into 5 ⫻ 5 mm2
squares for annealing in a vertical tube furnace at a temperature between 1070 and 1600 K. We annealed each sample
separately on a clean quartz sample holder and measured the
temperature with an R-type thermocouple located at the
same height. After 30 min, the sample was cooled in one of
three ways: dropped into silicone oil for fast quenching
共250 K/s兲; removed from the furnace and air quenched on the
quartz sample holder 共50 K/s兲; or cooled in a controlled manner inside the furnace at 0.25 K/s to room temperature. To
test reversibility of the thermal treatments, we annealed two
Si:S samples at 1070 K for 30 min, and then performed a
second thermal treatment. The second thermal treatment
consisted of either a higher temperature furnace anneal at
1510 K or a second laser irradiation with the same parameters as the first, but in a dopant-free environment.
After annealing, the spectrally dependent transmission
共T兲 and reflection 共R兲 was measured using a spectrophotometer with an integrating sphere. Absorptance is calculated as
A = 1 − R − T. A sample that is not annealed exhibits near unity
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absorptance from 400 to 2500 nm for both Si:S and Si:Se.
For characterization, we average sub-bandgap absorptance
from 1250 to 2500 nm. We estimate light scattering out of
the integrating sphere to cause an overestimation of the absorptance by at most 0.07.
Figure 1 shows the average sub-bandgap absorptance of
samples annealed between 1070 and 1600 K. For both Si:S
and Si:Se, we observe enhancement of the sub-bandgap absorptance for samples annealed above 1350 K and then rapidly quenched. Samples annealed at higher temperatures exhibit stronger absorptance. However, as the temperature
approaches 1550 K, the absorptance decreases. Scanning
electron microscopy of the surface of these Si:Se samples
suggests that local surface melting occurs during annealing.
Redistribution of dopant atoms on the surface or dopant
evaporation could explain the sudden drop in sub-bandgap
absorptance.
We verified that enhanced sub-bandgap absorptance depends on the presence of the dopant atoms by performing
a high-temperature anneal at 1490 K followed by quenching
of two control samples: 共1兲 a bare c-Si wafer that was not
hyperdoped and 共2兲 a sample irradiated with fs laser in a
nitrogen environment, containing no dopant but exhibiting
micrometer-scaled surface features. The bare c-Si wafer exhibits average sub-bandgap absorptance of 0.02⫾ 0.01 after
annealing and quench. Sub-bandgap absorptance of the nitrogen sample after annealing is measured at 0.10⫾ 0.02. Much
of this measured sub-bandgap absorptance is likely due to
light scattering effects, as noted above.
The amount of sub-bandgap absorptance depends on the
cooling rate from high temperature. Figure 2 shows the results of cooling at different rates. The sample quenched at
250 K/s exhibits the largest average sub-bandgap absorptance 共0.33⫾ 0.01兲, followed by the sample quenched at 50
K/s 共0.24⫾ 0.02兲, and finally the sample that underwent controlled cooling at 0.25 K/s 共0.14⫾ 0.02兲.
Sub-bandgap absorptance is reactivated in samples
where it was previously deactivated by annealing. We performed two-step anneals summarized schematically in Fig. 3.
A Si:S sample was annealed at 1070 K for 30 min and
quenched in air, resulting in an average sub-bandgap absorptance of 0.12⫾ 0.01. The same sample was then reannealed
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FIG. 2. Absorptance as a function of cooling rate for Si:S samples. Samples
were annealed at 1490 K for 30 min. The cooling rates are derived from a
one-dimensional convection model for cooling from 1520 to 1100 K in
different media. Absorptance data of an untreated, crystalline silicon wafer
and a Si:S sample prior to annealing are included for comparison.

at 1510 K for an additional 30 min followed by oil quench.
We find that the average sub-bandgap absorptance increases
to 0.24⫾ 0.01. A Si:S control sample, annealed only once
at 1510 K, has an average sub-bandgap absorptance of
0.38⫾ 0.02.
The sub-bandgap absorptance is also reactivated by a
second laser treatment, as seen in Fig. 3. Sub-bandgap absorptance of a Si:S sample was first deactivated by annealing
at 1070 K for 30 min and was reactivated to 0.59⫾ 0.04 after
a second laser irradiation in a nitrogen environment. We
compare this to a control sample that was laser-irradiated
twice, first for hyperdoping and the second time with no
dopant present and no anneal in between 共average subbandgap absorptance= 0.60⫾ 0.02兲. This corresponds to an
almost complete restoration of the sub-bandgap absorptance.
The slight decrease in absorptance for both samples after the
second laser irradiation is likely due to loss of dopant atoms
through laser ablation.
The results presented in this letter show that subbandgap absorptance is reactivated through high-temperature
annealing. The amount of sub-bandgap absorptance depends
on the rate of postanneal cooling, suggesting a kinetically
limited deactivation process.
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FIG. 1. 共Color online兲 Average sub-bandgap absorptance for Si:S 共circles兲
and Si:Se 共squares兲 hyperdoped silicon after high-temperature anneals followed by oil quenching 共250 K/s兲 for Si:S samples or air quenching 共50 K/s兲
for Si:Se samples. Data points at 295 K are samples before annealing. Measureable increases in sub-bandgap absorptance occur at temperatures above
1350 K. Standard deviations of each data point is less than 0.05. Data points
with unfilled symbols are from Refs. 6 共Si:S兲 and 15 共Si:Se兲.
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FIG. 3. 共Color online兲 Schematic of the two-step annealing process that first
deactivates the sub-bandgap absorptance by annealing at 1070 K and then
reactivates it via one of two methods: high temperature 共1510 K兲 annealing
and quenching or laser irradiation. Control samples are also shown for
comparison.
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In the intermediate temperature regime, from 1070 to
1350 K, annealing followed by quenching results in deactivation of sub-bandgap absorptance in agreement with previous results of annealing followed by slow cooling, as seen in
Fig. 1. If we correlate the sub-bandgap absorptance to the
concentration of an optically active defect state, we note
the similarities of the results in Fig. 1 to a time-temperaturetransformation diagram describing the precipitation of supersaturated point defects at heterogeneous nucleation sites, as
previously reported for Si:Fe.8 At lower temperatures, the
precipitation of supersaturated point defects is energetically
favorable but kinetically limited by diffusion. At higher
temperatures, the equilibrium solubility of point defects increases with temperature.
The enhanced broadband absorptance of chalcogendoped silicon is only observed in samples with supersaturated chalcogen concentrations, and the origin of the subbandgap absorption is not yet well understood. Chalcogen
defect centers have been studied extensively in diffusion experiments; isolated substitutional impurities and dimer pairs
are the most common point defects, and other more complex
defect centers have been identified.9,10 These known defect
centers introduce deep states that allow sub-bandgap photon
absorption, however, in samples with chalcogen dopant
concentrations up to 7 ⫻ 1016 cm−3, no significant broadband, sub-bandgap absorptance has been reported.11,12 In
femtosecond-laser chalcogen-hyperdoped silicon studied in
this letter, the initial dopant concentration2 is at least 1000
times larger than the high-temperature equilibrium solubility
achieved via solid-state thermal diffusion from a chalcogenrich surface source: 3 ⫻ 1016 cm−3 for S and 2 ⫻ 1017 cm−3
for Se.13,14 Our results suggest that a point defect state associated with higher concentrations of chalcogen dopant atoms
and with unique optical characteristics is stable at temperatures higher than 1350 K in these samples. Further structural
studies to identify this chemical state are underway.
High-temperature annealing followed by quenching of
silicon hyperdoped with sulfur or selenium results in the reactivation of sub-bandgap optical absorptance that is not explained by previous models. Sub-bandgap absorptance is
maintained in hyperdoped samples annealed above 1350 K
and cooled at rates faster than 50 K/s. A high concentration

of point defects stable at high temperatures may be responsible for absorption of sub-bandgap photons. Our results
demonstrate an ability to control sub-bandgap absorptance in
Si:chalcogen-hyperdoped systems using thermal processing.
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