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bstract

We have previously shown that doping silicon with sulfur via femtosecond-laser irradiation leads to near-unity absorption of radiation from
ltraviolet wavelengths to below band gap short-wave infrared wavelengths. Here, we demonstrate that doping silicon with two other group VI
lements (chalcogens), selenium and tellurium, also leads to near-unity broadband absorption. A powder of the chalcogen dopant is spread on
he silicon substrate and irradiated with femtosecond-laser pulses. We examine and compare the resulting morphology, optical properties, and
hemical composition for each chalcogen-doped substrate before and after thermal annealing. Thermal annealing reduces the absorption of below
and gap radiation by an amount that correlates with the diffusivity of the chalcogen dopant used to make the sample. We propose a mechanism for
he absorption of below band gap radiation based on defects in the lattice brought about by the femtosecond-laser irradiation and the presence of

supersaturated concentration of chalcogen dopant atoms. The selenium and tellurium doped samples show particular promise for use in infrared
hotodetectors as they retain most of their infrared absorptance even after thermal annealing—a necessary step in many semiconductor device
anufacturing processes.
 2006 Published by Elsevier B.V.
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. Introduction

Recently we reported on the unique optoelectronic proper-
ies of highly sulfur-doped laser-microstructured silicon [1,2].
oping silicon with sulfur, and other group VI elements (chalco-
ens), is studied for its potential impact on improving silicon-
ased infrared photodetectors [2–4], light emitting diodes [5–9]
nd thin-film photovoltaics [10–13]. Research on the nature
f the chalcogen dopant in the silicon lattice and resulting
aterial properties has been performed using ion implantation

4,6,14–17] and vapor diffusion [6,8,18–20] followed by fur-
ace annealing. Doping by either of these methods restricts
he chalcogen concentration in the lattice to the solid solubil-
ty limit. However, a supersaturated solution can be created

hen the annealing of ion-implanted material is performed with

hort laser pulses [17] or when material is irradiated with short
aser pulses in a gaseous environment [21]. Here we create high
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cond pulsed laser ablation

oncentrations of chalcogen dopants in silicon samples using
rradiation with femtosecond-laser pulses resulting in near-unity
bsorptance of below band gap radiation. The resulting chalco-
en dopants contained within the lattice at supersaturated con-
entrations cause significant absorptance of below band gap
adiation.

We have previously shown that irradiation of single crys-
al silicon with femtosecond-laser pulses at a fluence above
he ablation threshold (as in the experiment presented here)
esults in the formation of a microstructured surface layer with
nteresting optical properties [22–27]. This surface layer is
everal hundred nanometers thick and is composed of poly-
rystalline silicon with a grain size ranging from 10 to 50 nm
23]. When irradiation is performed in a background gas, the
icrostructured surface layer is doped with a high concentra-

ion of atoms from the background gas (about 1%) [1]. The
orphology and optical properties vary greatly with back-

round gas chemistry. When the background gas contains
ulfur, the microstructured silicon exhibits near-unity absorp-

ion of radiation from 250 to 2500 nm which includes the
elow band gap near infrared; in contrast, crystalline sili-
on is nearly transparent to wavelengths longer than 1100 nm
24].

mailto:tull@fas.harvard.edu
dx.doi.org/10.1016/j.mseb.2006.10.002


2 and

i
r
e
g
g
b
i
p
e
r
a

2

1
1
p
d
s
e
f
a
r
6

n
s
2
s

l
o
m
a
t
n

s
t
r
l
d

t
B
a
i
a
s

3

i
d
s
t

F
g
i

90 M.A. Sheehy et al. / Materials Science

In this work, we introduce the dopant into the microstructur-
ng process as a powder spread on the surface of a silicon wafer,
ather than as a background gas. Using a powder allows us to
xplore other dopants that are not convenient to work with in
aseous form. Using this method, we identify two other chalco-
ens in addition to sulfur, which also yield absorption of below
and gap near infrared light: selenium and tellurium. We exam-
ne the resulting morphology, dopant concentration and optical
roperties of the substrates microstructured in the presence of
ach element before and after thermal annealing. Based on the
esults, we comment on the role of the chalcogen dopant on the
bsorption of below band gap near infrared radiation.

. Experimental

For all experiments, we used a high resistivity (ρ = 8–
2 � m), n-doped Si(1 1 1) substrate wafer cut to a size of
0 mm × 10 mm. Approximately 2 mg of the desired dopant, in
owder form, was placed on the silicon wafer and manually
ispersed across the surface using 0.5 mL of either toluene (for
ulfur and selenium) or mineral oil (for tellurium). The solvent
vaporates and the powder remains adhered to the silicon sur-
ace. We then placed the sample in a stainless steel chamber
nd evacuated the chamber to less than 6.7 Pa using a corrosion-
esistant mechanical pump. The chamber was then filled with
.7 × 104 Pa of N2.

We irradiated the samples with a 1-kHz train of 100-fs, 800-

m laser pulses with a fluence of 10 kJ m−2 focused to a spot
ize of 150 �m in diameter. The sample is raster-scanned at
50 �m s−1 and stepped vertically 50 �m at the end of each row
o that all areas of the silicon receive uniform exposure to the

l
T
o
a

ig. 1. Scanning electron microscope images of irradiated surfaces using (a) sulfur p
as as a dopant source. In each image the surface is at a 45◦ angle and the long axis o
s taken from Ref. [1].
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aser. After irradiation, samples are placed in an ultrasonic bath
f methanol for 30 min to remove any powder residue. We ther-
ally annealed samples in a vacuum oven at 775 K for 30 min to

nalyze changes in morphology, composition, and absorptance
hat occur with heating. The base pressure of the annealing oven
ever exceeded 4.0 × 10−4 Pa.

To evaluate the optical properties of the samples, we mea-
ured the infrared absorptance with a UV–vis–NIR spectropho-
ometer equipped with an integrating sphere detector. The
eflectance (R) and transmittance (T) were measured for wave-
engths in the range of 0.25–2.5 �m, in 1-nm increments to
etermine the absorptance (A = 1 − R − T) at each wavelength.

To measure the composition of the substrates after irradia-
ion, we used Rutherford backscattering spectrometry (RBS).
efore each measurement, we dipped the samples for 10 min in
10% HF solution to remove any oxide layer. The backscatter-

ng measurements were taken with 2.0-MeV alpha particles and
n annular solid-state detector. We fitted our data to simulated
pectra to determine the composition of the samples.

. Results

Fig. 1 shows scanning electron microscope images of surfaces
rradiated in the presence of sulfur, selenium and tellurium pow-
er. For comparison, Fig. 1d shows the surface after irradiation in
ulfur hexafluoride gas (taken from Ref. [1]). The conical struc-
ures formed in the presence of a powder are roughly twice as

arge and half as dense as those formed in sulfur hexafluoride gas.
he height of the structures is between 9 and 14 �m; the width
n the long axis varies from 6 to 9 �m; and the width on the short
xis ranges from 2 to 3 �m. The sulfur and tellurium microstruc-

owder, (b) selenium powder, (c) tellurium powder and (d) sulfur hexafluoride
f the structures’ elliptical base is parallel to the plane of the image. Subpart (d)
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Fig. 2. Absorptance spectra for a sample doped with sulfur before annealing
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Fig. 4. Absorptance spectra for a sample doped with tellurium before annealing
(solid black line), and after annealing to 775 K for 30 min (dashed line). The
absorptance of an untreated silicon wafer is included for comparison.

Table 1
Rutherford backscattering analysis results

Sample Layer Thicknessa (nm) Concentration (at.%)

Sulfur 1 200 1
Sulfur, annealed 1 200 1
Selenium 1 200 0.7
Selenium, annealed 1 200 0.7

Tellurium 1 20 7
2 200 1.5

Tellurium, annealed 1 200 1.3

i

t
d

solid line), and after annealing to 775 K for 30 min (dashed line). The absorp-
ance of an untreated silicon wafer is included for comparison.

ures have some nanoscale texture; the selenium microstructures
re smooth in comparison. There is no change in morphology
fter annealing to the resolution of the scanning electron micro-
cope.

Figs. 2–4 compares the absorptance for samples created
n sulfur, selenium and tellurium to that of crystalline silicon
efore and after the samples are annealed. All samples have
0% absorptance at wavelengths from 1.2 to 2.5 �m before
nnealing; the absorptance for a non-irradiated crystalline sil-
con wafer at these wavelengths is below 15%. The increase in
oth visible and infrared absorptance exhibited by these samples
s nearly identical to the increase of absorptance we reported
or sulfur hexafluoride and hydrogen sulfide gas [1]. In each
gure the dashed curves show the absorptance of the chalcogen-
oped substrates after annealing for 30 min at 775 K in vacuum.
or all three samples the absorptance of visible wavelengths is

argely unaffected by annealing; however, annealing reduces the

bsorptance at wavelengths between 1.2 to 2.5 �m by a different
mount depending on the chalcogen dopant used. The absorp-
ance changes from an initial value of 0.9 for all three dopant

ig. 3. Absorptance spectra for a sample doped with selenium before annealing
solid black line), and after annealing to 775 K for 30 min (dashed line). The
bsorptance of an untreated silicon wafer is included for comparison.
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a Layer thickness is qualitative. Transmission electron microscopy results
ndicate that the damaged layer is about 300 nm thick [22].

ypes to 0.48, 0.8 and 0.89, for sulfur, selenium and tellurium
opants, respectively.

The results of the Rutherford backscattering analysis are
ummarized in Table 1. The samples doped with sulfur con-
ain about 1 at.% sulfur in a layer that is 200 nm thick, before
nd after annealing. The selenium doped samples both contain
pproximately 0.7% selenium. Prior to annealing, the tellurium
pectrum is best fit by a simulated spectrum of two surface layers.
he outermost layer is approximately 20 nm thick and contains
% tellurium; the next layer is 200 nm thick and contains 1.5%
ellurium. After annealing the spectrum can be simulated with
nly one layer that is 200 nm thick and contains 1.3% tellurium.

. Discussion

The morphology of the microstructured samples (Fig. 1)
volves by ablation with several hundred femtosecond-laser
ulses and is similar in appearance to our previous research on
amples made in different background gases [1,24]. The phys-
cal mechanism governing the formation of conical structures
fter irradiation with several hundred femtosecond-laser pulses

s addressed elsewhere [28,29].

For each of the chalcogen-doped substrates, the absorptance
f visible wavelengths is increased to ∼0.95 after femtosecond-
aser irradiation. We have observed this same result in all our
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experimental studies showing the diffusivity of sulfur, selenium
and tellurium over the temperature range 1100–1600 K (data
obtained from Fig. 3 of Ref. [19]). In this temperature range,
bulk diffusion is the dominant mechanism. At lower tempera-

Table 2
Diffusion data for chalcogens in silicon

Dopant Bulk diffusivity in c-Si
2 −1

Estimated diffusion
92 M.A. Sheehy et al. / Materials Science

revious work using many different gases as the dopant source
e.g. SF6, H2S, Cl2, H2, air, N2) [1,23–25] regardless of whether
he doped substrates do or do not exhibit below band gap infrared
bsorptance. When irradiation is performed in vacuum, the
bsorptance of visible light is increased to the same value of
.95 [28]. In all cases, the enhanced visible absorptance is unaf-
ected by annealing [1,23,25,28]. Based on these results, we
ttribute the enhanced visible absorptance to amplification of
he intrinsic visible absorptance of ordinary silicon by multiple
eflections on the textured surface. The mechanism governing
elow band gap infrared absorptance will be discussed below.

The RBS data in Table 1 indicates that our doping process,
sing a powder source, does indeed form a thin highly doped
urface layer on the silicon wafer for each of the chalcogen
opants just as in the case of sulfur hexafluoride and hydrogen
ulfide gas [1,23]. The estimated thickness of the layer agrees
ell with the laser-modified thickness of other silicon samples

rradiated in gas using similar laser conditions as determined by
ross-section transmission electron microscopy [23]. The RBS
ata of the tellurium doped sample before annealing shows an
xtremely high concentration of tellurium (7%) in a 20 nm thick
ayer, which disappears after annealing. We attribute this layer to
tellurium powder residue left after irradiation, which desorbs
pon annealing.

Whether the dopant source is a background gas or a solid pow-
er, the mechanism for trapping the dopant atoms in the silicon
ubstrate is likely the same. During irradiation with ultrashort
aser pulses above the ablation threshold, the top layer of silicon
s ablated away and the next layer below melts. This thin molten
ayer solidifies with an extremely high resolidification velocity
30]. As a result it is possible to trap a high concentration of
opant species in the newly crystallized silicon layer resulting
n a supersaturated solution. Solute trapping in this manner is
nown to occur after short pulsed laser annealing of silicon [31]
nd germanium [32] ion-implanted with impurity species. Ion
mplantation deposits a high concentration of dopants in the sur-
ace layer (orders of magnitude above the solubility limit) but
lso disorders the material leaving it mostly amorphous. Irradi-
tion with short laser pulses recrystallizes the material, trapping
he high concentration of dopants in the lattice. Solute trap-
ing in this manner has been investigated extensively [33,34].
e propose that upon femtosecond-laser irradiation of silicon

oated with the chalcogen dopant, the thin molten layer left
ehind contains a high concentration of chalcogens and this
igh concentration persists in the nanometer-sized grains after
esolidification via a similar mechanism to short pulse laser irra-
iation of ion-implanted material. Another result of the rapid
esolidification is a high density of point defects (vacancies and
nterstitials) [35]. The end result is a polycrystalline surface layer
ith a supersaturated concentration of dopants and point defects.
We believe that the supersaturated concentration of dopant

toms and point defects in the silicon lattice gives rise to the
ear-unity absorption of below band gap radiation exhibited in

igs. 2–4. Previous studies have shown that doping silicon with
chalcogen using thermal diffusion, which inherently restricts

he concentration to the solubility limit, creates discrete states
n the band gap [18,36]. The number and energy of these states

e

S
S
T
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ary with the chalcogen used. However, they all create deep lev-
ls in the band gap of silicon, where the deepest-lying state is
.614, 0.593 and 0.411 eV below silicon’s conduction band edge
or the dopants of sulfur, selenium, and tellurium, respectively.
he highest measured solubility limit of either sulfur, selenium
r tellurium in silicon is approximately 1017 cm−3 for selenium
14,16,19]. In contrast, we measure chalcogen concentrations
f 0.7–1.3% or about 1020 cm−3. Results from our past work
sing sulfur hexafluoride gas as the dopant source, indicate that
0–70% of the sulfur atoms implanted with our process are sub-
titutional in the lattice [22]. If 20% of the chalcogen dopant
toms are substitutionally located in the lattice, we obtain a solu-
le concentration of chalcogen atoms of about 1019 cm−3 which
s still several orders of magnitude higher than the solid solubility
imit. We propose that this supersaturated solution of chalcogen
opants in the silicon lattice creates one or more impurity bands
37] around the discrete states observed in the thermal doping of
rystalline silicon [18] and these impurity bands are responsi-
le for the absorption of below band gap radiation. In addition,
recent theoretical study shows that various combinations of

ulfur atoms and point defects in the silicon lattice – such as
acancies, dangling bonds and floating bonds – result in several
id-band gap states [38]. Therefore, the absorption of below

and gap radiation exhibited by our samples is likely caused by
he formation of mid-band gap impurity bands created by a high
oncentration of dopant atoms and other lattice defects.

Our annealing data supports our proposed explanation for
he absorption of below band gap radiation. After irradiation,
he silicon lattice is in a highly non-equilibrium state due to the
igh concentration of defects. During annealing, the material
oves to a more thermodynamically favorable state. The super-

aturated dopants and defects diffuse out of the crystalline grains
o the grain boundaries. As the defects reach the grain bound-
ries they no longer contribute to impurity bands in the silicon
nd the absorption of below band gap radiation is reduced. After
nnealing, the absorptance for near infrared wavelengths of sam-
les doped with sulfur, selenium and tellurium decreases from a
igh value of 0.9 to a lower value of 0.48, 0.8 and 0.89, respec-
ively. This trend correlates well with the diffusivity, D, of each
opant in a crystalline silicon lattice at 775 K as seen in Table 2
i.e. higher diffusivity results in a greater diffusion length, and
herefore has a greater impact on the optical properties). The
isted values of the diffusivities at 775 K are linearly extrapolated
rom an Arrhenius plot (log D versus 1/T) of data from various
lement at T = 775 K (cm s ) length (nm)

4 × 10−15–7 × 10−15 27–35
e 8 × 10−19–3 × 10−17 0.4–2.3
e 1 × 10−22 0.004
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ures, bulk diffusion data are usually not valid as other diffusion
echanisms, such as grain boundary diffusion, contribute to
ass flow resulting in a higher diffusivity. However, we believe

hat this extrapolation is valid, as it is the bulk diffusion of the
opant atoms through the bulk of the crystalline grains to the
rain boundaries that reduces the infrared absorptance. Although
rain boundary diffusion may occur, once the defects reach the
rain boundary they no longer contribute to the infrared absorp-
ance, and therefore grain boundary diffusion would not affect
nfrared absorptance. The approximate diffusion length, d, for a
opant atom after annealing can be estimated using, d = (Dt)1/2,
nd resulting values for t = 30 min at 775 K are listed in Table 2.
iven that the grain size is 10–50 nm [23], these diffusion lengths

re the right order of magnitude to support that diffusion of
opant atoms and defects to the grain boundaries is the cause of
he observed decrease in near infrared absorption.

The above analysis is consistent with the unchanged concen-
ration of dopant atoms (as measured by RBS) after annealing,
ven though the absorption of below band gap radiation is
ecreased. The RBS measurement detects dopant atoms both
nside the grain and at grain boundaries. While annealing does
esult in microscopic diffusion of dopant atoms out of grains,
here is not enough time and energy for macroscopic diffusion
f dopants out of the probe depth of the RBS measurement.

The tellurium and selenium samples have great potential for
se in infrared photodetectors that require an annealing step dur-
ng manufacture. We have previously shown that samples doped
ith sulfur using femtosecond-laser irradiation can be success-

ully used in an infrared photodetector [2]. A key manufacturing
tep is a thermal anneal that enhances the diodic nature of the
etector; however, this anneal decreases the detector’s absorp-
ion in the infrared. Samples doped with selenium or tellurium
ffer the potential to increase the responsivity of silicon-based
hotodetectors even further than samples doped with sulfur.

. Conclusion

In conclusion, doping of silicon using sulfur, selenium, and
ellurium powder leads to near-unity absorption of below band
ap radiation. We attribute the near-unity absorptance to a
upersaturated solution of trapped chalcogen dopants and point
efects in the silicon lattice, which modifies the electronic struc-
ure of the surface layer. Annealing the samples results in diffu-
ion of chalcogen dopants and point defects out of the crystalline
rains to the grain boundaries. As a result of this annealing
he absorptance of below band gap radiation is reduced by an
mount that correlates to the diffusivity of the dopant atom in
ilicon. Samples doped with tellurium and selenium show the
east reduction of infrared absorptance upon annealing and offer
he potential for high responsivity silicon-based photodetectors,
here annealing is often a necessary manufacturing step.
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