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We irradiated silicon with a train of femtosecond pulses in the presencespHgF, H,, SiH,;, and a
mixture of Ar and Skin order to analyze the role of the background gas in determining the morphology
and the optical properties of the resultant surfaces. We discuss factors that affect the surface morphology
created during irradiation and show that the presence of sulfur in these gases is important in creating
sharp microstructures. We also show that the presence of sulfur is necessary to create the near-unity
absorptance for both above-band and below-band gap radiation®.2bm) by silicon; only samples
with sulfur concentrations higher than 0.6% absorb 95% for above-band gap radiation and have a flat,
featureless absorptance of 90% for below-band gap radiation.

Introduction silicon, Wu et al. measured high absorptance at wavelengths
from 0.25 to 2.5um for samples created in §FIn the region
Srom 0.25 to 1.1um, samples absorb 95% of incident
radiation; at 1.1um, corresponding to the band gap of
crystalline silicon, the absorptance decreases somewhat, but
remains at 90% up to wavelengths as long asu2rb

The optical properties of microstructured silicon depend
strongly on the gaseous species present during irradiation.
Younkin et al. found that samples created i5 8I,, and air
show enhanced optical absorptance for above-band gap
radiation, but have an absorptance that decreases monotoni-
cally from the band edge (144m) to 2.5um.” To determine
the source of the differences in absorptance for infrared
radiation between samples created in 8f&d samples from
other background gases, the authors took Rutherford back-
scattering data measurements. They found 1% of sulfur in
samples that had 90% absorptance for infrared radiation.
Based on these Rutherford backscattering measurements and
because sulfur in low concentrations is known to create
discrete or localized energy states in the band gap of silicon,
H’le authors conclude that the near-unity optical absorptance
In the infrared is due to the presence of high concentrations
of sulfur impurities® Experimental results show that impurity
*To whom correspondence should be addressed. E-mail: friend@ concentrations on the order of £&m are sufficient to

chemistry.harvard.edu. create an entire band of states in the §ap.

T Department of Chemistry.
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In the past several years, the use of lasers to incorporat
impurities into silicon has produced a wealth of possibilities
for new optoelectronic device applications. Of particular
interest is the possibility of extending the response of silicon
to wavelengths beyond the band edge, with potential ap-
plications ranging from silicon-based infrared detectors to
improved solar cell$:3

Her et al. first reported the formation of sharp conical
microstructures by femtosecond laser irradiation of silicon
in the presence of 500 Torr of §FThe conical microstruc-
tures are on the order of 10n tall, have a diameter at the
tip of less than 1lum, and are quasi-periodic across the
surface. The physical and chemical mechanisms for creating
this microstructured surface are complex and include laser
ablation and melting of the silicon substrate, substrate etching
by reactive ions and fragments created in the intense fields
of the lasef, and redeposition of material from the ablation
plume.

The optical properties of the microstructured silicon are
of interest because the absorptance changes over a broal
range of wavelengths. For large areas of microstructured

(1) Sclar, N.J. Appl. Phys.1981, 52, 5207. (6) Wu, C.; Crouch C. H.; Zhao, L.; Carey, J. E.; Younkin, R. J.; Levinson,
(2) Bakhadyrkhanov, M. S;; lliev, K. M.; Tachilin, S. Appl. Sol. Energy J. A.; Mazur, E.; Farrel, R. M.; Gothoskar, P.; Karger,Afpl. Phys.
1997 4, 73. Lett. 2001, 78 (13), 1850.
(3) Wang, S. L.; Taylor, P. CSolid State Commuri995 95 (6), 361. (7) Younkin, R.; Carey, J. E.; Mazur, E.; Levinson, J. A,; Friend, C. M.
(4) Her, T.-H,; Finlay, R. J.; Wu, C.; Deliwala, S.; Mazur, &ppl. Phys. J. Appl. Phys2003 93, 2626.
Lett. 1998 73 (12), 1673. (8) Janzen, E.; Stedman, R.; Grossman, G.; Grimmeiss, Rh@s. Re.
(5) Chuang, T. JJ. Chem. Phys1981, 74, 1453. B 1984, 29 (4), 1907.

10.1021/cm049029i CCC: $30.25 © 2005 American Chemical Society
Published on Web 06/09/2005



Background Gas Role in Laser-Microstructured Silicon Chem. Mater., Vol. 17, No. 14, ZBE3

Younkin et al. also examined the effect of the background g
gas on the morphology of the resulting microstructdres. E
Microstructures formed in SFand C} are sharper and twice
as dense as those formed in &hd air. This difference is
attributed to the ability of halogens to create volatile

Crouch et al. analyzed the crystallinity of the samples using
transmission electron microscopyThey found that the outer
layer of the microstructures, a layer that is several hundred
nanometers thick, consists of silicon nanocrystallites embed-
ded in an amorphous and polycrystalline silicon network. %

To gain a deeper understanding of the factors affecting |
the optical properties and morphology of these samples, we
compare the morphologies and the optical properties of the : :
structured surfaces created ISy Sk, SiHs, Hz, and a Figure 1. Scanning electron micrographs of surfaces created in the presence
mixture of Ar and Sk The work presented here provides of (a) H:S, (b) Sk, (c) SiHs, and (d) b.
new insight into the chemistry that leads to the formation of
sharp microstructures as well as some of the critical factors absorptance because it is a calculated, quantitative measure of the

for attaining near-unity absorptance over a broad range ofamount of absorption that occurs in the material; this calculated
wavelengths value allows quantitative comparison.)

We used Rutherford backscattering measurements to study the
chemical composition of the microstructured samples. We first
dipped the samples for 10 min in a 10% HF solution to remove

For all experiments described in this paper, we used high the native Qxide, then rinsed the sample_, and placed it in the
resistivity (o = 800—1200Qcm), n-doped, Si(111) wafers cut into backsca_tterlng chamber. The bgckscatterlng measurements were
10 x 10 mn? pieces. The samples were loaded into a stainless taken with 2.0-MeV_ alpha partlcles_gnd an annular solld-§t§te
steel vacuum chamber and evacuated to about 50 mTorr using adetector. We determined the composition of the samples by fitting

corrosion-resistant mechanical pump. Subsequently, the system Waéﬂe data to|S|muIated spIJ(ecﬁ%\I.n all S|mulat[|1c_)nsr,]_thke thickness ﬁf
backfilled to a pressure of 500 Torr with a specific gas or mixture. the doped layer was taken as 200 nm. This thickness was chosen

For the pure gases, we backfilled the chamber to 500 Torr via a based on the best fit as well as the transmission electron microscopy
gas-handling manifold. In experiments using a mixture of Ar and results in ref 10.
Sk, the desired quantity of SFwas first added to the chamber.
The manifold was then evacuated and backfilled with argon to bring Results
the total pressure to 500 Torr with argon.
All microstructuring was done using a 1-kHz train of 100-fs,

800-nm laser pulses with a fluence of 10 k3fimcused to a spot ; red in SFand HS have nearly identical microstr
of 150um in diameter. The sample was translated horizontally at prepare a ave nearly ldentical microstruc-

250 um/s and stepped vertically 78m at the end of each row to tu.res, are approximately 'M)‘n tall, and are 5m X 3,um
create near uniform exposure to the laser over large areas of silicon Wide at the base. The radius of curvature at th_e tipis slightly
With the parameters listed above, approximately 600 pulses irradiateless than um and the average tip-to-tip spacing is about 4

Experimental Section

Figure 1 shows scanning electron microscope images of
surfaces prepared in;8, Sk, H,, and SiH. The surfaces

each spot on the surface. um. The sides of the microstructures are covered with
We annealed microstructures formed in the presence,sfinl nanometer-scale dendritically shaped material. Figure 1 also
a separate stainless steel chamber with a base pressuse b2 shows that the microstructures formed in the presence of H

Torr in order to monitor changes in the morphologies and the optical and SiH, have a blunter shape than those formed in the
properties of samples annealed at different temperatures. Thepresence of k5 and Skand are 16-12 um in height and 4
samples were clamped to a tantalum foil and a thermocouple was,;m % 10 um wide at the base. The microstructures have a
spot-welded to one of these clamps, ensuring good mechanicalmuch greater area at the tip #4n x 8 um) and a tip-to-tip
contact between the thermocouple and the sample surface. Thespacing of um. The number and density of the dendritic

sample was radiatively heated to the desired temperature by a . .
. . nanoparticles are lower than those formed in the presence
tungsten filament. The sample was annealed for 30 min at the
9f H=S and Sk

desired temperature and the background pressure never exceede ) ) ]
5 % 10~ Torr. Samples irradiated in the presence ofSHand Sk are

To measure the optical properties of the samples, we measured?lack to the eye, Wh”e. those irradiated in th? presence of
the infrared absorptance with an WWis spectrophotometer — gases that do not contain sulfur are dull gray. Figure 2 shows
equipped with an integrating sphere detector. The reflectaRce ( the optical absorptance for the silicon samples prepared in
and transmittanceTj were measured for wavelengths in the range H,, SiH,;, SF, and HS, along with the absorptance for an
of 0.25-2.5um, in 1-nm increments. The absorptanée=t 1 — unstructured silicon substrate. The microstructured surfaces’
R — T) was then plotted versus the wavelength. (We use the term ghsorptance at wavelengths from 0.25 to Ar is 50%
higher than crystalline silicon. Samples irradiated in the
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Figure 2. Infrared absorptance for surfaces created in the presence of (a)
H2S, (b) Sk, (c) SiHs, and (d) B. A trace for crystalline silicon (e) is
included for reference.

Figure 4. Infrared absorptance for surfaces created in (a) 1% (®}0.1%
Sk, and (c) Ar.

Table 1. Sulfur Content and Absorptance at 2um of Surfaces all
Created in the Presence of Various Gases at a Total Pressure of PR
500 Torr
absorptance sulfur content
gas at2um (£0.2%)
H.S 90% 1.0+ 0.2%
SFs 90% 1.0+ 0.2% PN e £ :
Ar + 1% Sk 90% 0.6+ 0.2% =3 e e SR v h b ¥
Ar +0.1% Sk 60% 0.2+ 0.2% Figure 5. Scanning electron micrographs of structures created in 48) H
SiHs 33% <0.19%' and annealed to (b) 900 K.
Ar 15% <0.19¢
H> 8% <0.19¢

aBecause of the lack of crystallinity of the samples and because the 4 pm x 2 pm at the tp (Flgure 3)' The tip-to-tip spacing is

sulfur peak is nearly enveloped by the broad silicon peak, the detection approxim'ately 'Gﬂm for the_se structures, making them
limit of our measurements is estimated to be on the order of 0.1%. slightly higher in areal density than those from 0.1%.SF

Microstructures formed in either 0.1% S6r 1% Sk also
have very little nanostructure on the sides, similar to the
microstructures formed in pureknd SiH.

Figure 4 shows the absorptance for the microstructured
surfaces created in mixtures of argon and sulfur and that of
a sample created in pure argon. There is an increase in both
above-band and below-band gap absorptance of the samples

o . e ' s created in low partial pressures of sulfur compared to the
Figure 3. Scanning electron micrographs of structures created in the . oL
presence of (a) 1% partial pressure ob8Fd (b) 0.1% partial pressure of  @PSOrptance of samples created inand SiH; the absorp-
Sks. tance of the sample created in argon decreases monotonically
for wavelengths longer than 1uin closely resembling that
radiation; those in kland SiH, absorb 90% for above-band of the samples created inpldnd SiH,. Both samples created
gap radiation. in sulfur mixtures absorb 95% for above-band gap radiation.

Figure 2 also shows the below-band gap absorptance fromThe absorptance for below-band gap radiation can be seen
1.1 to 2.5um. Samples irradiated in the presence gSH  qualitatively in Figure 4; quantitative values for the absorp-
and Sk have flat, featureless 90% absorptance for incident tance at 2«um are provided in Table 1.
radiation in this wavelength range. Surfaces irradiated in the Scanning electron microscope images taken before and
presence of Kl and SiH have an absorptance that falls after annealing at 900 K (Figure 5) show that the morphology
monotonically for wavelengths longer than L. Table 1 does not change within the resolution of the electron
provides a metric of the absorptance atr for each of the microscope. Figure 6 shows the optical properties of samples
samples listed above that displays the changes describednnealed at temperatures ranging from 475 to 900 K. All
qualitatively above. annealed samples have an absorptance of 95% for above-

Figure 3 shows how the morphology of the microstructures band gap radiation. The absorptance for below-band gap
depends on the partial pressure of the sulfur-containing gas.radiation decreases as the annealing temperature increases,
Microstructures formed in the presence of low partial butthe absorptance remains flat and featureless. The sample
pressures of sulfur more closely resemble microstructuresannealed at 475 K absorbs 85% for below-band gap radiation
created in pure KHand SiH, than those created in pure$ (as compared to 90% absorptance for unannealed samples).
and Sk. Individual microstructures from a 0.1% &$ample Those annealed to 700, 800, and 900 K absorb 80%, 75%,
(partial pressure of 500 mTorr) areudn tall and 13um x and 70% for below-band gap radiation respectively and the
7 um at the base. The structures taper tor8 x 3 um at results are summarized in Table 2.
the tip and the average tip-to-tip spacing is on the order of Table 1 and Table 2 contain compositional information
8 um. Those created in 1% $kpartial pressure of 5 Torr)  obtained from Rutherford backscattering. Structures created
are 9um tall and 8um x 4.5um at the base and taper to in H,S have a sulfur content of approximately 1% and there
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100 . T . T T microscopy result§ indicate that the outer 200 nm of the
surface is partially crystalline and partially amorphous) by
:\0\80 B a | femtosecond-laser irradiation and incorporation of elements
° of the background gas create a tail of states below the band
Q 60 - b T .
g . gap by changing the bond lengths, bond angles, and/or
S0l d coordination of the crystalline silicon; the extent of damage
2 and disorder determines the width of the tail and the number
® 20 . of states available at each wavelen§tihese changes to
the lattice explain the below-band gap absorptance we
O Y measure in kb SiH,, Ar, and 0.1% SE; as well as a portion
wavelength (um) of the absorptance observed in the samples created in a sulfur
Figure 6. Infrared absorptance for43 surfaces annealed to (a) 475 K, containing ambient.
(b) 700 K, (c) 800 K, and (d) 900 K. The flat, featureless 90% absorptance for below-band gap
Table 2. Dependence of the Absorptance at 2m and the Sulfur radl?tlon seen for samples created BiSk, a.'nd a mixture
Content on Annealing Temperature of 1% Sk and Ar, however, cannot be explained by changes
annealing absorptance sulfur content in morphology nor_latnce damage alone. The microstructured
temperature (K) at 2um (£0.2%) surfaces created in the presence gSHind 1% Sk have
475 85% 1.0k 0.2% different m_orphologies, yet the infrared absorptance traces
700 80% 1.0+ 0.2% are very similar. Also, the damage done to the lattice is
800 75% 1.0£0.2% similar for all samples because the laser fluence is the same
900 70% 1.0+ 0.2%

in all experiments. The creation of high absorptance for

is no measurable change in the sulfur content upon annealing?©!0W-Pand gap radiation must therefore be the result of a

at 900 K. The sample created in 1%s®Bntains 0.6% sulfur, parameter other than morphology or lattice damage.
while the 0.1% Sk sample has a sulfur concentration of Rutherford backscattering measurements indicate that the

0.2%. We detected no sulfur in samples formed in S, conce'ntration of su]fur in our samples is greater than 0.6%
or argon. (atomic concentration of about 20cm3) for all samples
that possess a 90% absorptance for below-band gap radiation.
The solid solubility of sulfur in crystalline silicon is less than
10*% cm~2 and a concentration of 0.6% of sulfur incorporated
The experimenta| results in Figures 1 and 3 demonstratein the microstructured samples is more than sufficient to
that the presence of sulfur in the background gas is crucial Create a broad band of absorption energies. A previous study
to create sharp, triangular microstructures. The fact that theOf the electronic states of sulfur in silicon identified eight
morphology is nearly identical for structures created ggH  discrete donor states in the gap of silicon at an atomic sulfur
and Sk indicates that the presence of H and F, common concentration of about #cm™.  The deepest of these
etchants of silicon with differing etch rates, are not as levels resides 614 meV below the conduction band édfe.
important as the presence of sulfur. In addition, there is a sulfur creates an entire band of states from 614 meV below
notable reduction in tip area for the individual microstructures the conduction band edge to the conduction band, the gap
as the amount of sulfur-containing species in the backgroundbetween the top of the valence band and this new band would
increases. This reduction leads to a sharpening of thebe 456 meV, corresponding to a wavelength of 2n7.
microstructures and an increase in the aspect ratio. The pOSSIbI'Ity also exists that the absorptance in the near-
The morphology of the microstructured surfaces and the infrared region of the spectrum is due to sulfur bonding with
incorporation of sulfur into the surface layer are responsible Silicon in a highly disordered network. Excess sulfur atoms
for the increased absorptance at wavelengths from 0.25 tocould stabilize the lattice in a nonequilibrium geometry and
1.1 um. Assuming the same absorption coefficient as for creatg a material with a greater absor.ptlon. 'coeff|C|ent at
crystalline silicon, two reflections on the sidewalls of the €nergies below the band gap of crystalline silicon. A study
microstructured silicon increases the absorptance from ap-On the depth distribution of ion-implanted sulfur into silicon
proximately 70% to about 90%. These reflections can concludes that sulfur clusters around defect sites induced by

account for the increased absorptance seen in all microstruc{€ ion beam, especially in the defect-rich transition layer
tured samples, but fails to do so for the 5% increase seen inP€tween the implantation-damaged layer and the unperturbed
all samples created in an ambient-containing sulfur relative cTyStalline silicon layet? Given the similarity in atomic

to that of samples created in an ambient without sulfur. The concentrations of sulfur as well as the thickness of the
incorporation of sulfur into this outer layer must therefore disordered layer between the ion-implanted samples and our

create a material with an absorption coefficient that is greater Microstructured samples, we expect that sulfur coordinates
than that of crystalline silicon. around any area with a high density of defects and stabilizes

. . ... the network. This distribution of atoms has a new electronic
Because silicon has such a small absorption coefficient in

. . . . configuration that may cause a broad band of absorption
the near-infrared, multiple reflections on the sidewalls of the gura’ Y P
. . energies in the near-infrared.
microstructures cannot explain the absorptance for below-

band gap rad_latlon that we observ_e in our sar_npl_es. Damage(lz) Zanatta, A. R.; Chambouleyron,Rhys. Re. B 1996 53 (7), 3833.
and disorder introduced to the lattice (transmission electron (13) wilson, R. G.J. Appl. Phys1984 55 (10), 3490.

Discussion
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The absorptance measurements shown in Figure 6 com-angles in the amorphous network and the dopant concentra-
bined with the data from Table 1 provide further evidence tions¢718 In particular, changes in ion-implanted silicon
that the near-unity absorptance for below-band gap radiationoccur at temperatures as low as 400 K, which is well below
is caused by a combination of the incorporation of sulfur any of the annealing temperatures we uSd8ecause there
and a disordered silicon network. Upon annealing to 900 K, is no change in sulfur concentration after annealing and the
the absorptance for below-band gap radiation drops to 70%,annealing temperatures are relatively low, thermal relaxation
but the concentration of sulfur is unchanged. There are is likely to be the dominant mechanism for the reduction in
several potential explanations for the observed drop in near-infrared absorptance after annealing.
absorptance for below-band gap radiation. One possibility In conclusion, we show that incorporation of sulfur (on
is that sulfur diffuses out of an active site, which is a location the order of 1%) into a disordered silicon network created
in the network where sulfur is coordinated in such a way as by femtosecond laser irradiation leads to near-unity absorp-
to create below-band absorption. The diffusion coefficient tance for both above- and below-band gap radiation. The
for sulfur is relatively low and the annealing time is short, presence of sulfur is also an important factor in developing
indicating that diffusion out of an active site is unlikéfy.  sharp microstructures. The absorption mechanism for below-
Another possibility is precipitation of the sulfur atoms into band gap radiation is either due to the creation of an impurity
an inactive cluster. Such precipitation has been observed forband resulting from the high concentration of sulfur or due
arsenic implanted in silicotf. Precipitation of sulfur into to the incorporation of sulfur into the disordered network in
inactive clusters requires diffusion of silicon out of an area such a way as to create a material with a new electronic
with a high concentration of sulfur or diffusion of sulfur into  structure. The decrease in absorptance for below-band gap
this type of area. While we cannot rule out the possibility radiation observed upon annealing appears to be primarily
that sulfur forms precipitates, the likelihood of diffusion of due to thermal relaxation of the disordered silicon network.
either silicon or sulfur on this time scale and these temper-

atures is unlikely. A third possibility is a relaxation of the _Acknowledgment. The authors thank Mengyan Shen for
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