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Silicon hyperdoped with heavy chalcogen atoms via femtosecond-laser irradiation exhibits strong

broadband, sub-bandgap light absorption. Understanding the origin of this absorption could

enable applications for hyperdoped-silicon based optoelectronic devices. In this work, we measure

absorption to wavelengths up to 14 lm using Fourier transform infrared spectroscopy and study

sulfur-, selenium-, and tellurium-hyperdoped Si before and after annealing. We find that absorption

in the samples extends to wavelengths as far as 6 lm. After annealing, the absorption spectrum

exhibits features that are consistent with free-carrier absorption. Although the surface morphology

influences the shape of the absorption curves, the data permit us to place an upper bound on the

position of the chalcogen dopant energy levels. VC 2013 American Institute of Physics.

[http://dx.doi.org/10.1063/1.4790808]

I. INTRODUCTION

Pulsed laser processing creates novel materials with

ultrahigh dopant concentration and tunable surface textures

for enhanced light absorption.1 Many studies focus on femto-

second laser (fs-laser) doping of silicon with heavy chalco-

gens (sulfur, selenium, or tellurium) because the material

exhibits strong light absorption both above and below the

bandgap of silicon, indicating a change in the electronic

band structure.2–4 The resulting material is called hyper-

doped silicon because the dopant concentrations can be

as high as 1 at. %, three orders of magnitude above the equi-

librium solid solubility limit;5–7 and at least 20% of the dop-

ant atoms occupy substitutional sites.8 Thermal annealing

changes the chemical state of the dopant atoms and decreases

sub-bandgap light absorption.9,10 Although previous studies

have shown that the sub-bandgap absorption extends down

to at least 0.5 eV, a complete picture of the absorption mech-

anism remains unclear, as well as the influence of surface

morphology and free-carrier absorption. Also, further inves-

tigation is necessary to understand the energy states intro-

duced by the supersaturated dopants in silicon.

Chalcogen-doped silicon has been studied extensively for

infrared (IR) detectors.11,12 Photodetectors fabricated from

S-hyperdoped Si have sub-bandgap photon responsivity to

energies as low as 0.83 eV.13 Furthermore, if sub-bandgap

absorption in hyperdoped Si is due to the presence of an inter-

mediate band, this material system could have applications in

high-efficiency photovoltaics.14 Evidence of intermediate band

formation, such as metallic conduction, has been observed in

other hyperdoped Si systems.15,16 Therefore a better under-

standing of the energetics of the chalcogen dopants is important

for further development of hyperdoped Si-based optoelectronic

devices.

In this paper, we use mid-infrared absorption spectros-

copy to study the dopant energy levels created in silicon

hyperdoped with S, Se, or Te. IR spectroscopy yields infor-

mation on transition probabilities between two energy states.

Dilute chalcogen concentrations in silicon introduce occu-

pied electronic states located between 100 and 300 meV

below the conduction band edge,17,18 and the energy levels

of these states have been identified using IR absorption

measurements.19–21 At a concentration as high as 1 at. %, we

expect the dopant energy levels to broaden into a band, and

the absorption coefficient of an intermediate band formed by

substitutional chalcogen atoms has been calculated using

density-functional theory.16,22 For Si doped with non-

equilibrium concentrations of chalcogens, broad-band sub-

bandgap absorption is commonly reported in the range of 0.5

to 1.2 eV (1.0–2.5 lm).2–4,23,24 In this paper, we find that

strong absorption in chalcogen-hyperdoped silicon extends

to energies smaller than 0.4 eV and in some samples to

0.2 eV (3–6 lm); the shapes of the absorption curves are sen-

sitive to the surface morphology of the samples. Addition-

ally, upon annealing, sub-bandgap absorptance decreases,

and in the case of Se- and Te-hyperdoping, a broad reso-

nance feature emerges. Analysis of the absorption data

results in bounds on the location of the chalcogen dopant

energy levels in hyperdoped silicon, and we find that in addi-

tion to chalcogen dopants, free carriers also contribute to

sub-bandgap absorption after annealing.

II. EXPERIMENTAL

Silicon wafers ((100) orientation, float zone grown,

p-type, >3000 X cm) are cleaned to remove organic and me-

tallic contaminants.25 The wafer is placed in a vacuum
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chamber and irradiated at normal incidence with Ti:sapphire

laser pulses with 80-fs pulse duration (center wavelength at

800 nm and 1-kHz repetition rate). For S doping, the vacuum

chamber is filled with sulfur hexafluoride (SF6) gas at a pres-

sure of 6.67� 104 Pa. For Se or Te doping the dopant precur-

sor is a thermally evaporated 65-nm Se or Te film directly on

the silicon wafer, and the vacuum chamber is filled with nitro-

gen buffer gas at a pressure of 6.67� 104 Pa. The laser pulses

have an average energy of 1.1 mJ and are focused to a spot

size of 500 lm (FWHM of a Gaussian beam) to achieve a flu-

ence of 4 kJ/m2. A galvanometric scanning mirror system

scans the laser beam across a 25� 25 mm2 area and translates

subsequent pulses by 50 lm such that any given spot in the

irradiated region is exposed to 80 laser pulses. Using the

same parameters, we fabricated a control sample (Si:N2) in

the absence of chalcogen dopants using only nitrogen buffer

gas. We fabricated an additional S-hyperdoped sample (Si:S-

2) at a higher fluence (8 kJ/m2 and 50 pulses) to achieve com-

parable microstructures and sub-bandgap absorptance as the

Se- and Te-hyperdoped (Si:Se and Si:Te) samples.26 After

laser irradiation, samples are treated in one of three ways:

unannealed, annealed at 730 K, or at 990 K. Annealing is per-

formed for 30 min in a nitrogen environment.

We study the optical and electronic properties of these

samples. We collect integrated transmission (T) and reflec-

tion (R) spectra and calculate absorptance (A¼ 1 – R�T). A

UV-VIS-NIR spectrophotometer is used for visible and near-

IR measurements (0.5–1.5 eV), and a Fourier transformed-

infrared (FTIR) spectrometer is used for collecting mid-IR

data (0.09–0.62 eV). Both the spectrophotometer and the

FTIR spectrometer are equipped with integrating spheres in

order to collect transmitted and reflected light at all angles.

To study the electronic properties, we deposit 2-mm square

Ti-Ni-Ag (20–20–200 nm, Ti adjacent to Si) contacts at four

corners of the samples and perform resistivity and Hall

measurements using the van der Pauw technique.27

III. RESULTS AND DISCUSSION

A. Upper bound on dopant energy levels

The near-IR and mid-IR absorptance of fs-laser hyper-

doped samples before thermal treatment is shown in Figure

1; reflectance and transmittance data are presented as supple-

mentary material.28 For photons with energies greater than

the bandgap of silicon, 1.1 eV, all samples exhibit enhanced

photon absorption compared to the crystalline silicon sub-

strate. Between 0.5 and 1.1 eV, all chalcogen-hyperdoped

samples exhibit strong but featureless absorption. Below

0.5 eV, extended absorptance for chalcogen-hyperdoped Si

decreases in the mid-infrared range, with the onset of a drop

in absorptance varying with fabrication parameters.

As a comparison, at energies below the bandgap, the ab-

sorptance of a silicon substrate is approximately zero except

at energies near the phonon vibrational modes (<0.18 eV). A

sample irradiated with the absence of chalcogen dopant pre-

cursors, Si:N2, exhibits sub-bandgap absorption only due to

structural defects (Urbach states).10,29,30 A recent study

shows that absorption related to structural defects is reduced

by annealing at a moderate temperature (T� 575 K), while

chemical states or absorption related to the chalcogen dop-

ants are minimally affected.9,10

Figure 2 shows scanning electron microscope (SEM)

images of chalcogen-hyperdoped Si after fs-laser irradiation.

The formation and structural characteristics of these samples

have been discussed in detail in Ref. 26, and in this article

we provide a brief summary of the difference in surface mor-

phologies among the samples used in this study. First, Si:Se

and Si:Te have similar surface morphologies. Under the

same fabrication conditions, Si:S-1 has surface features that

are smaller than Si:Se and Si:Te. At a higher laser fluence,

Si:S-2 achieves similar feature size and comparable absorp-

tance as Si:Se and Si:Te samples. By analyzing the SEM

images, we obtain the average height (h) and spacing (w) of

the surface features of these samples (Table I).

Sub-bandgap absorption of chalcogen dopants arises

from optical excitation of an electron from a dopant energy

level to the conduction band. Thus, a low-energy cutoff of

the sub-bandgap absorption could represent the smallest

energy required to optically excite an electron from a dopant

energy level to the conduction band edge. In the following

paragraph, however, we discuss the influence of surface mor-

phology on the shape of the absorption curves of hyperdoped

silicon. As a result, Figure 1 does not directly provide the

location of the dopant energy level, although it does permit

an estimation of the maximum energy difference between

the level and the conduction band.

Surface morphology can increase the absorption of inci-

dent light by reducing reflection and/or increasing the optical

path length inside the absorber. Figure 3(a) illustrates how

the morphology contributes differently to anti-reflection and

light trapping for different wavelengths of light. For wave-

lengths smaller than about twice the separation between con-

ical spikes (k< 2w), reflectance is reduced because incident

light reflects multiple times in between the spikes, reducing

the total amount of light reflected. The morphology also

results in light trapping, because light enters the material at a

non-normal angle, the total internal reflection angle of sili-

con in air is small, and the propagation path length is

FIG. 1. Absorptance of chalcogen-hyperdoped silicon. Data for a control

sample (Si:N2) and the silicon substrate (c-Si) are also plotted for compari-

son. Data from 0.09 to 0.62 eV was collected using an FTIR spectrometer

and data from 0.5 to 1.5 eV was collected using a UV-VIS-NIR spectropho-

tometer. The mismatch between the data from two instruments at 0.5 eV is

about 3%.
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extended.1 For longer wavelengths (k> 2w), the length scale

of the surface features is smaller than the wavelength of light

and the silicon and air form an effective medium. In this re-

gime graded density is the main cause of low reflectance.31

A graded density material does not change the direction of

light propagation, so there is no light trapping. Graded den-

sity is only effective when the wavelength is smaller than 2.5

times the height of the surface roughness,32 and at even lon-

ger wavelengths (k> 2.5h), the surface appears optically

smooth. Figure 3(a) illustrates how these surface features

influence reflectance (due to anti-reflection) and transmit-

tance (due to light trapping). Si:Se and Si:Te exhibit very

similar surface morphologies: w¼ 3.8 lm and h¼ 4.6 lm

(Table I). Figure 3(b) shows that the reflectance and trans-

mittance curves of these two samples transition from high to

low near wavelengths equal to 2.5h and 2w, respectively.

Although the transitions are not sharp, the transition wave-

lengths qualitatively agree with the analysis above. Similarly

for Si:S-1 and Si:S-2, the transmittance and reflectance tran-

sition wavelengths qualitatively agree with the above analy-

sis. Because the surface features are aperiodic, numerical

simulation is challenging and we currently do not consider

the quantitative details regarding changes in the optical path

length and reflectivity as a function of wavelength, but this

analysis shows that the infrared behavior is at least in part

determined by the morphology of the surface.

The characteristics of sub-bandgap absorption depend

on laser irradiation parameters, and it is illustrative to com-

pare the absorptance curves of the two S-hyperdoped Si sam-

ples fabricated under different conditions. Si:S-2 (irradiated

with higher laser fluence) has larger surface features (Figure 2)

and the absorptance is higher overall than Si:S-1 (Figure 1).

Furthermore, for Si:S-1 the broad band absorption extends to

0.42 eV and for Si:S-2 to 0.25 eV. Similar findings have been

reported for different laser irradiation parameters in another S-

hyperdoping study.33 Previously we showed that the sulfur

concentration in these two samples are comparable,2 and

hence the dopant-related absorption coefficients should be

similar. Following our analysis of Figure 3, the difference in

the surface morphology between Si:S-1 and Si:S-2 leads to

differences in anti-reflection and light trapping, as evidenced

by the variation in infrared behavior.

Thus, it is clear that the location of the absorption edge is

influenced by surface roughness, and the absorption turn-offs

in the mid-IR range shown in Figure 1 cannot be directly cor-

related to the energetics of the dopant atoms. However,

because surface roughness can only serve to increase existing

absorption mechanisms, the location of the turn-offs does

place an upper bound on the energy gap between dopant

energy levels and the conduction band edge, which is around

0.25, 0.20, and 0.21 eV for Si:S, Si:Se, and Si:Te, respectively.

B. Broad resonance features after annealing

Figure 4 shows mid-IR absorption spectra of each

chalcogen-hyperdoped silicon sample before and after

annealing. The above-bandgap absorptance (not shown) is

unaffected by annealing3 while sub-bandgap absorptance

decreases with increasing annealing temperature. The reduc-

tion of sub-bandgap absorption agrees with earlier results we

obtained, showing that the sub-bandgap absorption decreases

smoothly with the diffusion length of dopant atoms.10 For

FIG. 2. Scanning electron micrographs of fs-

laser hyperdoped silicon. The images are taken

at a 45� angle to the surface. Si:S-1, Si:Se,

Si:Te, and Si:N2 are irradiated with the same fs-

laser parameter: 4 kJ/m2, 80 pulses. Si:S-2 is

irradiated with 8 kJ/m2, 50 pulses. After anneal-

ing, we examined all samples under SEM and

observed no change in surface morphology in

any of the samples.

TABLE I. Average surface feature spacing w and height h.

Sample w (lm) h (lm)

Si:S-1 2.3 6 0.2 3.1 6 0.5

Si:S-2 3.0 6 0.3 5.4 6 0.6

Si:Se 3.8 6 0.5 4.6 6 0.6

Si:Te 3.8 6 0.5 4.5 6 0.9

Si:N2 0.9 6 0.1 1.5 6 0.5
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Si:Se, a resonance feature at 0.21 eV emerges after annealing

at both 730 and 990 K, and for Si:Te a resonance signal

emerges at 0.26 eV after annealing at 990 K. We also observe

a broad maximum for Si:S-2 after annealing at 730 K, but af-

ter annealing at 990 K the sub-bandgap absorptance deacti-

vates completely.

S-hyperdoped Si samples exhibit a broad oxide absorp-

tion band at 0.13–0.15 eV (gray line in Figure 4: Si:S-2),

which can be removed with a dilute hydrofluoric acid (5%

HF) etch. In addition, we identify features associated with

phonon vibrations and other contaminants labeled in Figure

4. We do not observe—either before or after annealing—any

absorption lines from dilute chalcogen dopants (ranging

from 0.1 to 0.3 eV)17,18 nor any absorption features related to

sulfur compounds.34 Due to the low signal below 0.09 eV,

our measurement is not sensitive to absorption bands of

possible precipitated compounds such as SiS2, SiSe, SiSe2,

or Si2Te3.35–37 Additional absorptance measurements at low

temperature and at far-IR wavelengths could be useful for

probing vibrational and electronic transitions with energies

below 0.09 eV.38–40

After annealing, broad resonance signals emerge for

chalcogen-hyperdoped silicon, and for the purpose of this dis-

cussion we focus on the Si:Se and Si:Te samples annealed at

990 K. The width of these resonances suggests that these local

maxima are due to a combination of energy-dependent proc-

esses instead of a resonance transition between two energy

states. For example, a broad maximum near the absorption

FIG. 3. (a) Illustration of light propagation though micrometer-scale struc-

tures with spacing w and height h, as well as the corresponding reflectance

and transmittance as a function of photon energy (proportional to inverse

wavelength). Three wavelength ranges represent different light and matter

interactions: optically smooth (left), graded density (middle), and multiple

reflections (right). The representative wavelengths are shown for the incom-

ing light (gray); for each wavelength, three arrows indicate incoming,

reflected, and transmitted light. (b) Reflectance and transmittance spectra of

Si:Se (brown) and Si:Te (green) between 0.09 and 0.2 eV. The vertical

dashed lines at 0.11 eV (11.3 lm) and 0.16 eV (7.6 lm) correspond to transi-

tion wavelengths at 2.5h and 2w, respectively.

FIG. 4. Mid-infrared absorptance of Si:S-2, Si:Se, and Si:Te before (black)

and after annealing at 730 K (blue) and 990 K (red). Except for the gray line,

all Si:S-2 data are taken after a 5% HF etch for 1 min and the surface oxide

absorption band from 0.13 to 0.15 eV is removed. Labels correspond to

absorption features phonon vibrations and other contaminants: hydroxide

(OH; centered at 0.42 eV),44 hydrocarbon (CH; three peaks near 0.36 eV),44

silicon phonons (below 0.13 eV and between 0.16–0.18 eV),45 and CO2 mol-

ecules in the spectrometer (0.29 eV).46 The curves are fits of the free carrier

absorption model in Eq. (2): AðeÞ ¼ ½1� RðeÞ�ð1� ye�x=e2 Þ:
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edge could emerge by combining these two effects: free-

carrier absorption and light trapping. Free-carrier absorption

increases with reducing photon energy, but reduced light trap-

ping for energies below 0.16 eV (k< 2w) decreases the over-

all absorption and thus results in a local maximum.

We fit the absorption curves at energies higher than the

resonances as a combination of absorption due to free carriers

and dopant atoms. The free-carrier absorption coefficient,

aFCA, is proportional to the carrier concentration, n, as well as

the square of the wavelength, k, (aFCA � 2� 10�18k2n, k in

units of lm and n in units of cm�3).41 Figure 4 shows fits to

the data between 0.3 and 0.6 eV with an absorptance esti-

mated from Beer’s law,

A ¼ ð1� RÞð1� e�ðaFCAþadopantÞdmÞ: (1)

A and R are the measured absorptance and reflectance,

respectively; d is the thickness of the hyperdoped layer

which is enhanced by a factor of m due to light trapping; and

adopant represents dopant-related light absorption that persists

after annealing. In the range between 0.3–0.6 eV, we assume

adopant is energy independent16 and so is m from the light-

matter interaction discussion above. We can then rewrite

Eq. (1) as

AðeÞ
1� RðeÞ ¼ 1� ye�x=e2

; (2)

where e is the photon energy, y and x are fitting parameters

(x ¼ 3� 10�18nsheetm, [eV2]). The numerical fit yields

x¼ 0.04; y¼ 0.49 for Si:Se, and x¼ 0.04; y¼ 0.24 for Si:Te.

The good fits between the data and model described

above support our hypothesis that free carriers contribute to

the shape of the absorption curves. We compare this fitting

result with electronic measurements. Table II summarizes

the electronic measurements of Si:Se and Si:Te after anneal-

ing at 990 K, and the measured majority carriers are elec-

trons. Both Si:Se and Si:Te have similar sheet carrier

concentrations suggesting the free-carrier absorption is simi-

lar for both samples, and we indeed obtain identical fit values

of x for the two samples.

While the absorption and the electronic measurements

qualitatively agree, the value for x calculated using sheet

carrier concentration, nsheet, in Table II is much smaller than

the fitted value. Even with maximum light trapping

(m¼ 49),42 the measured carrier concentration is still two

orders of magnitude too small to explain the absorption with

free carriers only. This discrepancy could arise because the

measured sheet carrier concentration is an average value of a

non-uniform dopant distribution, and the situation is further

complicated by the rough surface and non-uniform thickness

of the hyperdoped layer.26

In summary, in addition to broad band absorption due to

dopant atoms, the low energy optical absorption displays the

spectral dependence of free-carrier absorption (increasing

with k2) for Si:Se and Si:Te annealed at high temperature. The

combination of different wavelength-dependent processes,

namely free-carrier absorption, which increases with wave-

length, and light trapping, which decreases with wavelength,

explains the observed broad resonance. The carrier concentra-

tion obtained from the electronic measurements, however, is

too small to account for all the free-carrier absorption

observed; we believe this discrepancy is due to the complica-

tions introduced by the rough surface. Methods for eliminating

the surface roughness from fs-laser hyperdoping have recently

been demonstrated,43 offering a possibility to avoid absorption

contributions arising from the surface morphology.

IV. CONCLUSION

We report mid-IR absorptance measurements of

chalcogen-hyperdoped silicon, identify the influence of sur-

face morphology on the absorptance curves, and place

bounds on the location of the dopant energy levels. The sur-

face morphology resulting from laser irradiation enhances

anti-reflection and light trapping, and the low-energy cutoff

of the mid-IR absorption is sensitive to the surface morphol-

ogy. Our data place an upper bound on the energy difference

between the dopant energy level and the conduction band of

about 0.2 eV. After annealing, the sub-bandgap absorptance

decreases and broad resonance features emerge that do not

correspond to known defect absorption lines. We attribute

the broad resonance features observed in Si:Se and Si:Te to

competing wavelength-dependent processes, including free-

carrier absorption and wavelength-dependent light trapping.

Finally, we emphasize the importance of taking into account

the effect of surface roughness when analyzing and compar-

ing optical and electronic measurements.
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