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Silicon doped with an atomic percent of chalcogens exhibits strong, uniform sub-bandgap optical
absorptance and is of interest for photovoltaic and infrared detector applications. This sub-bandgap
absorptance is reduced with subsequent thermal annealing indicative of a diffusion mediated
chemical change. However, the precise atomistic origin of absorptance and its deactivation is
unclear. Herein, we apply Se K-edge extended X-ray absorption fine structure (EXAFS) spectroscopy
to probe the chemical states of selenium dopants in selenium-hyperdoped silicon annealed to varying
degrees. We observe a smooth and continuous selenium chemical state change with increased
annealing temperature, highly correlated to the decrease in sub-bandgap optical absorptance. In
samples exhibiting strong sub-bandgap absorptance, EXAFS analysis reveals that the atoms nearest
to the Se atom are Si at distances consistent with length scales in energetically favorable Se
substitutional-type point defect complexes as calculated by density functional theory. As the
sub-bandgap absorptance increases, EXAFS data indicate an increase in the Se-Si bond distance. In
specimens annealed at 1225 K exhibiting minimal sub-bandgap absorptance, fitting of the EXAFS
spectra indicates that Se is predominantly in a silicon diselenide (SiSe2) precipitate state. The
EXAFS study supports a model of highly optically absorbing point defects that precipitate during
C 2013 AIP Publishing LLC.
annealing into structures with no sub-bandgap absorptance. V
[http://dx.doi.org/10.1063/1.4824279]
I. INTRODUCTION

The optical properties of silicon can be altered by high
concentrations of dopant atoms.1–7 Concentrations of chalcogen atoms (sulfur, selenium, and tellerium) orders of magnitude above equilibrium solid solubilities in silicon can be
achieved using a femtosecond laser to dope the substrate
from an ambient dopant source.4,6,8,9 After doping, the silicon exhibits near unity sub-bandgap absorptance out to at
least 2500 nm.1,3–5,7–9 This suggests that optical hyperdoping—the introduction of dopants at high concentrations with
pulsed lasers—may be a method to tailor the band structure
of Si to engineer properties for enhanced photovoltaic or
infrared detector applications.10,11
Multiple studies have examined the thermodynamic and
optoelectronic properties of this hyperdoped material to
understand the nature of the sub-bandgap absorptance12–15
and have shown that the dopants can be manipulated through
thermal processing to engineer optical and electronic properties.12,14 However, the dopant chemical state and its
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evolution during annealing remains unknown, limiting the
potential defect engineering of this material.
After optical hyperdoping, the concentration of chalcogen dopants is approximately one atomic percent in the top
300 nm of the surface of the material. Directly probing the
dopant structure in this layer is difficult because of the small
absolute number of atoms. For many bulk structural probe
techniques (i.e., X-ray diffraction, Raman spectroscopy, or
Fourier transform infrared spectroscopy), the ratio of dopant
signal to noise from the silicon substrate is small. Other techniques such as Auger spectroscopy are limited to only the
surface layers up to 20 nm. Synchrotron-based X-ray absorption spectroscopy (XAS) is an element-specific measurement
technique16 that probes the full thickness of the doped layer.
We perform Se K-edge X-ray absorption fine structure
(EXAFS) spectroscopy on selenium–hyperdoped samples
(Si:Se) to probe the chemical neighborhood of Se atoms, and
use density functional theory (DFT) calculations to find
favorable (low formation energy) structures to guide the
EXAFS structural state analysis. Investigation via EXAFS of
a series of samples with varying amounts of sub-bandgap absorptance demonstrates a correlation between sub-bandgap
absorptance and the chemical state of the dopant Se atoms.
EXAFS spectra indicate that a high fraction of the nearestneighbors are Si atoms. Further, the distance to these neighbors decreases as the infrared absorptance decreases.
Statistical analysis indicates a direct transformation of the
chemical state of the Se atoms with the optically non-
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absorbing state well-represented by an early stage SiSe2 precipitate. EXAFS analysis does not unambiguously identify
the chemical nature of the optically absorbing state, potentially due to multiple chemical state populations. However,
analysis indicates nearest-neighbor distances similar to Se
point defects as calculated by density functional theory.
Precise control of the optically active state would allow for
efficient engineering of hyperdoped Si:Se materials for specific optical applications.
II. METHODS

A set of selenium-doped samples was prepared with varying infrared absorptances for synchrotron-based microprobe
measurements. We used p-type silicon (100) wafers (q ¼ 3 k6 k X-cm) cleaned with standard semiconductor cleans to
remove organic contaminants. We thermally evaporated a
65-nm selenium film (99.95%) onto the wafer before loading
onto a translation stage in a stainless steel vacuum chamber.
After evacuating to 0.001 Pa, the chamber was back-filled
with N2 to 6.7  104 Pa. We irradiated 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 590 lm
(fluence ¼ 4 kJ/m2) for selenium doping. A 20  40 mm2 area
was irradiated by translating the sample; and as a result, on
average 88 pulses were incident at any point on the scanned
area. After irradiation, secondary ion mass spectrometry
(SIMS) and elemental analysis with a tunneling electron
microscope (TEM) revealed that the top 300 nm of the surface
of the silicon substrate is hyperdoped with Se with a concentration between 1020 and 1021 cm3. Further characterization
was carried out using Raman spectroscopy, scanning electron
microscopy, and transmission electron microscopy,17,18 to
determine the nature of the surface texturing and dopant incorporation, and confirm a minor presence of secondary silicon
phases. The surface is also transformed into a rough landscape
of micrometer sized spikes. The details of the doping and resultant structure are described elsewhere.1,4,8
After laser doping, the sample was cut into smaller pieces
and each piece was annealed for 30 min at temperature
between 600 K and 1225 K in a tube furnace in N2 ambient
atmosphere and air cooled to room temperature. While the
as-irradiated samples exhibit broad, featureless sub-bandgap
optical absorptance, thermal annealing of these hyperdoped
samples results in a decrease of infrared absorptance with
increased annealing temperature.12 Applying this thermal
processing, we prepare seven samples of varying sub-bandgap
absorptance,
averaged
over
wavelengths
between
1250–2500 nm, ranging from near 100% to less than 20%.
One piece was not annealed (NA) and retains the as-irradiated
characteristics. Absorptance was measured with a Hitachi
spectrophotometer with an integrating sphere. Transmission
(T) and reflection (R) were measured between the
wavelengths of 400 and 2500 nm. Absorptance is calculated
as A ¼ 1  R  T at each wavelength.
In EXAFS experiments, relative absorption of a beam of
coherent X-rays focused on the sample is measured. The
X-rays energy is scanned across the absorption edge corresponding to the excitation of a core-shell electron of a
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specific atomic species. In this experiment, we use the Se
K-edge transition, 12.66 keV. Structural information is
observed as perturbations on the absorption signal according
to the EXAFS equation16
vðkÞ ¼ S20

X Nj fj ðkÞexpð2k2 r2j Þ
j

krj2

sinð2krj þ dj ðkÞÞ;

(1)

where j indicates shells of like atoms, S20 is the passive electron reduction factor, Nj is the coordination number of atoms
in each shell, k is the photoelectron wavenumber, r is the distance to the neighboring atoms, and r2j is mean-square disorder of neighbor distance. The scattering amplitude, fj ðkÞ, and
the phase shift, dj ðkÞ, are dependent on the atomic mass of
the scattering atoms making Eq. (1) sensitive to the elemental identity of the scattering atoms. Using this equation
implemented in the Athena and Artemis (FEFF8) software
package,19,20 we perform non-linear least square fitting of
the absorption data to theoretical structural atomic models to
extract chemical neighborhood information.
EXAFS experiments were carried out at the Lawrence
Berkeley National Laboratory’s Advanced Light Source on
Beamline 10.3.2 (Ref. 21) using a two Si(111) crystal monochromator with adjustable pre-monochromator slits. The
incoming X-ray intensity (Io ) is measured in an ion chamber
and the fluorescence emission with a seven element LN2
cooled Ge solid state detector (Canberra) using XIA electronics. To increase surface sensitivity, the samples are
arranged at less than a 5 angle of incidence for the incoming
X-ray beam, resulting in a cross sectional area of the beam
of 170  7 lm2 on the surface of the sample. At this angle,
we probe approximately the top 20 lm of material with an
effective concentration of Se of 1019 cm3.
Using software developed at Beamline 10.3.2, each spectra are corrected for detector dead-time, calibrated for energy
using the known spectrally dependent glitches in the monochromator crystal, and any detector element affected by large
Bragg reflections from the substrate is removed from the average signal. Multiple scans are averaged together to achieve
more than 106 effective counts (signal/noise basis) at each
energy. To analyze the perturbations in absorption that indicate the fine structure, we process the raw absorption signal
using a typical EXAFS analysis as outlined elsewhere.16 After
calibrating the energy scale, we use a piece-wise spline fit to
the data to remove the background signal and isolate the perturbations due to photoelectron scattering events. For this, we
use the AUTOBK function in Athena19,20 with a background
cutoff frequency parameter of Rbkg ¼ 1:0Å, which eliminates
high frequency noise in the signal. After background removal,
the data are normalized and flattened to correct for any slow
temporal changes in incoming X-ray intensity. The data are
then transformed from energy space to k-space (photoelectron
wavenumber) through the direct relationship
rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
2mðE  E0 Þ
;
(2)
k¼
h2
where E0 is the Se K-edge absorption energy. Finally, in
order to enhance the signal from higher k-space regions and
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FIG. 1. EXAFS spectra for all seven
samples annealed at different temperatures. Spectra are offset for clarity. The
k2 vðkÞ spectra (a) show a smooth variation in the features at k ¼ 3.7 Å1 and
4.2 Å1. The data are forward Fourier
transformed with a Kaiser-Bessel window from k ¼ 1:9  11:4 Å1 and is
shown in (b).

compensate for amplitude decay, we weight the entire spectrum by k2.
To calibrate the energy, we collect a full EXAFS spectrum on a red selenium (elemental) standard. Using the
known absorption edge, we can calibrate the energy scale.
Using Artemis, we perform a two shell fit of the structure of
this metallic Se data to a known Se metal structure yielding
an absorption edge energy shift, dE, of 4.24 eV and a S20 of
0.95 to be used in fitting the experimental data.
To identify candidate configurations in both the nonannealed and the annealed states, total energy electronic
structure methods based on density functional theory22,23
were utilized. The formation energies of a variety of interstitial and substitutional selenium defects were calculated. All
density functional theory calculations reported here are conducted within the generalized gradient approximation (GGAPBE) to the exchange correlation potential24 as implemented
within the SIESTA software package.25,26 Troullier-Martins
psuedopotentials27 were used to represent the inner core
electrons around each atomic nucleus. The Kohn-Sham orbitals are expanded in a localized, triple-zeta polarization
Gaussian basis set that has been obtained via line optimization for silicon and selenium elemental solids. The predicted
lattice constant for pure silicon is 5.48 Å in comparison to
the experimental value of 5.43 Å, and for hexagonal selenium is a ¼ 4.40 Å and c/a ¼ 1.16 in comparison to
a ¼ 4.37 Å and c/a ¼ 1.14. In both cases, the lattice constants
are overestimated, as expected for DFT-PBE calculations.
The predicted band gap of silicon is 0.70 eV (exp. 1.1 eV),
and for selenium is 0.85 eV (exp 1.8 eV); both underestimate
the gap in a manner that is typical of conventional DFT calculations.28,29 For each defect configuration considered, we
use 216 atom supercells (3  3  3 supercell of the conventional 8 atom unit cell) and relax all internal atomic coordinates so that forces on the atoms are within 0.01 eV/Å.
We have ensured accurate sampling of the Brillouin zone via
k-point convergence; all results reported here are converged
to the number of significant figures shown.
III. RESULTS AND ANALYSIS

Figure 1(a) shows the processed EXAFS spectra
(k2 vðkÞ) of all seven samples. We note that there is no measurable shift in the absorption edge between samples.
However, features at k ¼ 3.7 and 4.2 Å1 vary smoothly

across the data set. This is suggestive of a continuous evolution of chemical state of the Se atoms.
For further analysis, we Fourier transformation (FT) of
the k2-weighted spectra data with a Kaiser-Bessel window as
a bandpass filter to enhance the signal to noise of the data
defined from k ¼ 1:9  11:4 Å1. The resulting spectra,
plotted as the magnitude, jvðRÞj, are shown in Fig. 1(b). The
first large peak in the spectrum is indicative of the signal
from the first shell of atoms. Similar smooth evolution of
state as seen as an increase in the amplitude of the first shell
is observed in the FT spectra.
We also note in Fig. 1(b), a decrease in the amplitude of
jvðrÞj from higher order shells (R > 3 Å) with increased
annealing temperature. As the signal is a superposition of the
photoelectron scattering functions for each shell, this suggests that in the highly annealed sample, the nearestneighbors around the Se atoms are well defined but the outer
atomic shell structure is more disordered.
In order to describe these states more precisely, we statistically analyze the evolution of the spectra as the annealing
temperature increases and sub-bandgap absorptance decreases.
Principal component analysis (PCA) is a model-free method of
establishing a minimum basis set of component spectra to
describe a set of many spectra without losing any significant
information.30,31 PCA is performed on the k2 vðkÞ spectra in
Fig 1(a) with two components. Addition of a third component
results in an increase in the Malinkowski indicator, suggesting
that two states are sufficient to describe this system.32 Given a
two component system, iterative target factor analysis
(ITFA)33 assigns the identity of component A to be highly correlated to the spectra from the lowest temperature annealed
TABLE I. Results of iterative target factor analysis of k2 vðkÞ data set using
WinXAS.
Annealing
Temp. (K)

Comp.
A

Comp.
B

St. Dev.
of fit

No Anneal
600
725
850
975
1100
1225

0.733
0.999
0.589
0.229
0.185
0.119
0.000

0.267
0.001
0.410
0.770
0.814
0.881
1.000

0.060
0.03
0.04
0.04
0.03
0.02
0.02
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sample (600 K) and component B to the highest temperature
annealed sample sample (1225 K) as shown in Table I.34 The
ITFA results also suggest that a low-temperature anneal at
600 K acts to purify the sample into component A or the optically active state. This correlates to a small increase in subbandgap absorptance after this initial low temperature anneal
as seen in Fig. 6.
To explore the chemical state of the first shell in more
depth, we isolate the first peak in the FT spectra from
R ¼ 1–3 Å and perform a reverse Fourier transform (RFT)
into q-space. The real part of the RFT spectra (Reðq2 vðqÞÞ)
of the first peak are seen in Fig. 2, revealing isosbestic points
at q ¼ 8.1, 8.8, and 9.7 Å1. The existence of such isosbestic
points further supports that the system may be described as a
mixture of two end-members in varying proportions. This
mixture may be on an atomic basis, such that each Se atom
has two sets of neighbors, or such that some Se atoms are in
one environment and some in the other.35 This does not rule
out the existence of more than two chemical states for the Se
atoms but suggests that the majority of atoms are undergoing
the same two-step chemical state transformation with no intermediate chemical state dominating at intermediate temperatures. This is indicative of a balance of equilibrium
chemical states determined by thermal history.
We analyzed the EXAFS measurements from the two
endpoints of the chemical transformation as indicated by
ITFA; the 1225 K annealed sample and the 600 K annealed
sample. We will start by discussing the 1225 K annealed
sample which has the least sub-bandgap response.
A. Fitting to annealed state

The EXAFS spectra of the high temperature annealed
(1225 K) sample exhibit very little structure past the first
shell (Fig. 1). This could be the result of either destructive
interference or lack of longer-range order in the secondneighbor shell. The compound SiSe2, an Ibam structure with
a backbone of Si atoms,36 is the only known stable room
temperature compound state of Si and Se.37 In this structure,

FIG. 2. Overlay of reverse Fourier transformed data from R ¼ 1–6 Å. We
observe isosbestic points at q ¼ 8.1, 8.8, and 9.6 Å1. Not all spectra are
shown for clarity.

J. Appl. Phys. 114, 133507 (2013)

Se atoms are bonded to two nearest-neighbor silicon atoms
at a distance of 2.275(1) Å.36 Using Artemis,19 we fit the first
strong peak in the Fourier transformed EXAFS spectra from
R ¼ 1–3 Å to 1.8 Si atoms at a distance of 2.292(6) Å
strongly matching the geometry of this precipitate. In a well
ordered crystal of SiSe2, the isolated chains would align with
Van der Waals forces. However, previous EXAFS experiments of Si-Se compounds38 found that crosslinking between
the separate chains often occurs such that the system is less
ordered and behaves like a glassy substance. Comparison of
the annealed-state EXAFS spectrum with previously measured EXAFS spectra shows strong agreement, as shown in
Fig. 3. Given that any SiSe2 phase that forms would be constrained by the surrounding Si matrix, we expect that it is
unlikely that a glassy substance forms, and more likely that
single chains of SiSe2 form in isolation. We note the striking
structural similarity between these chains and the structures
proposed for oxygen-related thermal donors in silicon.39,40
This also fits the proposed model of the change in
sub-bandgap absorptance being determined by diffusion of
Se atoms to grain boundaries or other energetically favorable
nucleation sites.12,14
B. Fitting to non-annealed state

During laser irradiation, the dopant atoms that become
incorporated into the silicon most likely become trapped into
an ensemble of point defect configurations. To identify candidate low-energy defect configurations that may be present
in our samples before annealing, we begin by computing
defect formation energies within DFT for a variety of configurations. For a given defect configuration D in a particular
charge state q, the defect formation energy is given by
DED;q ðEF ; lSi ; lSe Þ ¼ ðED;q  Eperf Þ þ nSi lSi þ nSe lSe þ qEF ;
(3)
where Eperf is the DFT-computed energy of the perfect silicon supercell, ED;q is the DFT-computed energy of the supercell with the defect D in the charge state q (where q is
expressed in units of charge of an electron), EF is the Fermi
level of the system, the chemical potentials lSi and lSe indicate the prevailing thermodynamic conditions, and nSi and

FIG. 3. Comparison of EXAFS data from Ref. 38 of SiSe2 chains (dashed)
and our fully annealed sample at 1225 K (solid). The two spectra match in
phase and location of each peak. The amplitude of each peak can be affected
by a number of experimental factors.
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TABLE II. Calculated formation energies for the neutral defects (q ¼ 0). For
clarity, schematics of the three most favorable states can be found in Fig. 4.
Configuration
Substitutional
Dimer substitutional
Bond center interstitial
Offset bond center interstitial
Tetragonal interstitial
Hexagonal intersitial
Vacancy þ 2 adj. Se
Vacancy þ 2 opp. Se

DED;q ðeVÞ
2.95
3.66
4.69
3.54
6.14
5.47
5.66
5.95

nSe designate the number of Si or Se atoms (respectively)
removed from the supercell and added to thermodynamic
reservoirs during the defect formation reaction. We use
chemical potentials lSi ; lSe corresponding to pure silicon
and SiSe2 chains in equilibrium with each other.36 The geometries considered include substitutional Se atoms, substitutional Se dimers (in which two adjacent silicon atoms are
replaced by two selenium atoms), interstitial selenium atoms
in the bond center, offset bond center, hexagonal, and tetragonal configuration, and Se atom—vacancy complexes. A
more detailed description of the all of defect complexes is
provided in Ref. 41.
Table II shows the calculated formation energies for the
neutral defects (q ¼ 0), which are Fermi-level independent.
With no other compensating dopants present to appreciable
extent, the Fermi energy of the hyperdoped silicon is
expected to remain close to the conduction band edge, favoring defects in the neutral state. We find the lowest-energy
defects to be the substitutional Se atom, the substitutional Se
dimer, and the offset bond center interstitial Se; for clarity,
schematic drawings of these lowest energy defect configurations can be found in Fig. 4. These three configurations
remain the most favorable for all values of the Fermi energy.
Because defect formation energies computed within conventional DFT are adversely affected by poor description of band
gaps, the computed total energies in Eq. (3) are modified in
an ad-hoc manner by applying a scissors operator to occupied
conduction-band-derived defect states when appropriate.
Additionally, charged image interactions resulting from the
use of periodic boundary conditions are accommodated using
a finite supercell extrapolation formalism42 for the case of
charged defects. While these modifications introduce some
uncertainty into the computed defect formation energies, we
find that the three lowest energy defect configurations remain

unchanged for all reasonable estimates of corrections and
modifications. This suggests that, to the extent that thermodynamic equilibrium is applicable, the isolated substitutional,
substitutional dimer, and offset bond center interstitial should
be the most favorable point defect configuration.
We built FEFF8 atomic models that include all atoms
within 6 Å of the central Se atom using the DFT calculated
defect structures. We fit the spectra of the non-annealed sample and the 600 K annealed sample to atomic models of the
most energetically favorable defect states: Se substitutional,
the Se dimer substitutional, and the offset bond center interstitial. The nature of Eq. (1) allows us optimize the fit to
each shell (j) of atoms separately with Nj, rj, and r2j as fitting
parameters. Initially, we fit to each defect state individually,
but we are unable to find reasonable parameters for any of
these fits. For the Se substitutional, the number and distance
of nearest-neighbors is always smaller and closer, respectively. For the Se dimer substitutional, the nearest-neighbor
Se atom does not fit with the data. For the offset bond center
interstitial, the distance to the nearest-neighbor Si atoms is
much larger than the model and we are unable to fit to a second shell. We also attempt to fit only the first shell of some
of the other lower formation energy defects, but find similarly poor fits.
Due to the highly disordered method of dopant introduction, it is possible that all multiple defect states are simultaneously present in the sample. We attempt to fit a
combination of the first-shells of the three energetically
favorable states. For these fits, we keep the structures fixed
but allow each respective component weight to vary. A fit to
a combined model of the first shells of the Se substitutional
and the offset bond center interstitial yields reasonable parameters but when the second shells are included in the
model, the fit is no longer conclusive.
IV. DISCUSSION

We now expand the analysis to include the measurements for all annealing temperatures within the context of
the two-state transition and end point analysis. To test the
hypothesis of an isolated Se point like defect with Si atoms
as nearest neighbors, we built two simple models: one with
Si atoms and one with Se atoms as nearest neighbors and fit
only the first-shell of data (R ¼ 1–3 Å) from each sample to
these simple atomic models. For all seven spectra, we find
better (lower R-factor) fits for nearest-neighbor silicon atoms
as opposed to selenium atoms within the fitting window. The
fit parameters reject the presence of a Se atom as a nearest-

FIG. 4. Structure of the three lowestenergy defects as calculated from
DFT: (a) substitutional; (b) dimer substitutional; and (c) offset bond center
interstitial defect. Se atoms are marked
by darker atoms.
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neighbor, suggesting that the Se dimer substitutional and
other multi-Se defect states are not likely present in large
amounts. While we are unable to uniquely identify the subbandgap absorbing defect state, we are able to conclude that
the nearest-neighbor is most likely Si atoms and therefore
more similar to an isolated Se atom point defect-like state.
The fits are shown in Fig. 5 with corresponding parameter values in Table III. The first-shell fitting to Si nearestneighbor atoms reveals that for annealing temperatures
above 600 K, Se atoms are co-ordinated with an average of
approximately two Si atoms. Note that the fits for no anneal
and 600 K samples have larger R-factors, suggesting that the
simple model of a single Si nearest neighbor is not the
uniquely correct fit and that other chemical states are present.
As the number of atoms in the fitted shell, NSi, is a linear
scaling factor in Eq. (1), this fitting parameter is often only
correct to within 25%.16 Given this limitation, there is no
significant difference in the number of nearest-neighbors as a
function of annealing temperature.
The EXAFS equation is sensitive to the nearestneighbor distance, r. Fig. 6 shows a correlation between the

J. Appl. Phys. 114, 133507 (2013)
TABLE III. Fitting parameters of non-linear least squares fit of the first peak
of vðRÞ spectra from R ¼ 1–3 Å to a model of Si atom nearest-neighbors.
The number of nearest-neighbors (NSi), average distance to those neighbors
(r), and the disorder parameter (r2 ) as noted in Eq. (1) are parameters that
are varied in the fit. The R-factor is a representation of the goodness of
fit.19,20 Nearest-neighbor structural data for the most energetically favorable
defect structures and structural data for SiSe2 are also shown.
EXAFS Fitted Data
Annealing (K)
No anneal
600
725
850
975
1100
1225

NSi

r(Å)

r2 (Å2)

R-factor

1.65(36)
1.75(32)
1.69(29)
1.76(22)
1.86(30)
1.79(27)
1.80(25)

2.333(11)
2.348(12)
2.324(7)
2.307(5)
2.302(7)
2.296(7)
2.292(6)

0.006(3)
0.007(3)
0.004(2)
0.002(1)
0.003(2)
0.002(1)
0.002(1)

0.110
0.121
0.070
0.039
0.064
0.051
0.046

Known structures
Substitutional
Dimer substitutional
Offset bond center interstitial

4
3
2

2.54
2.42
2.26

…
…
…

…
…
…

SiSe2 (Ref. 36)

2

2.27

…

…

sub-bandgap absorptance and the nearest-neighbor distance;
it decreases from around 2.34 Å to 2.29 Å as the annealing
temperature increases and the sub-bandgap absorption
decreases, the Se atoms, on average, form closer bonds to Si
nearest neighbors. Both the single substitutional and dimer
substitutional defect states have average distances longer
than the SiSe2 precipitate. The other lowest energy defect
state, the offset bond center interstitial, has a
nearest-neighbor bond length comparable to the precipitate.
The trend in nearest-neighbor distance seen in the EXAFS
spectra suggests that the Se atoms relax from super-saturated
substitutional-type defects into precipitated SiSe2 states. The
corollary decrease in average sub-bandgap absorptance suggests that the substitutional-type defects states may play a
key role in the absorption mechanism, as has been suggested
by other studies.12,15 In order to verify this, samples with a

FIG. 5. Fits of the nearest-neighbor peak (R ¼ 1–3 Å) of annealed seleniumhyperdoped silicon samples to a simple atomic model of Si atoms. Solid
lines are measured data and dashed lines represent the fits. (a) shows magnitude of vðRÞ and (b) the real part of the reverse Fourier transform (reverse
FT window: R ¼ 1–3 Å, Kaiser-Bessel) in q-space.

FIG. 6. Average sub-bandgap absorptance between 1250–2500 nm as a
function of nearest-neighbor distance as found from EXAFS fitting.
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known, specific defect state would need to be prepared and
the absorptance analyzed for comparison.
V. CONCLUSION

EXAFS is performed on a series of Si:Se optically
hyperdoped samples that have been annealed to achieve
varying amounts of sub-bandgap absorptance to probe the
structural nature of observed sub-bandgap absorptance.
Analysis of the EXAFS spectra reveals a strong correlation
between the Se chemical neighborhood and the magnitude of
optical sub-bandgap absorptance measured. The EXAFS
spectrum of the non-absorbing state matches the spectrum of
SiSe2 precipitates. Unique identification of the absorbing
state is more difficult. We calculate a number of likely theoretical chemical structures and the formation energies of different charge states compared to the SiSe2 precipitate state.
We find the single substitutional, the dimer substitutional,
and an offset bond center interstitial are the most energetically favorable configurations. We are unable to find unique
fit of the EXAFS spectra for the sample with maximum
sub-bandgap absorptance to any simple atomic model, suggesting a possible combination of defects or possibly an
unknown structural state. The spectra indicate that the
nearest-neighbor atoms are likely two Si atoms. The distance
to the nearest-neighbor Si atoms decreases with sub-bandgap
absorptance. The longer nearest-neighbor distance corresponding to enhanced sub-bandgap absorptance is in better
agreement with distances for the theoretically calculated Se
substitutional point defect configurations. The shorter distance is in agreement with the structure of the SiSe2 precipitated state. The EXAFS analysis supports the model of
super-saturated, optically absorbing, isolated Se point defects
that precipitate at grain boundaries or other segregation centers during annealing, leading to decreased sub-bandgap
absorptance.
Optical doping with pulsed lasers offers the ability to
tailor properties of materials through hyper-doping.
However, specific control of the chemical state of the introduced dopant will be necessary to achieve optimal properties. This can be achieved both in the introduction of the
dopant and by subsequent processing steps. The mid-range
chemical structure state reveals that the chemical state of the
Se atoms in a point defect like structure is directly correlated
to the sub-bandgap absorptance. Knowledge of this chemical
state can lead to enhanced control and engineering of subbandgap absorptance in silicon for infrared detectors and
high-efficiency photovoltaics.
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Gradečak, J. Appl. Phys. 110, 053524 (2011).
18
M. J. Smith, M. T. Winkler, M.-J. Sher, Y.-T. Lin, E. Mazur, and S.
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