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Comparison of structure and properties of femtosecond and nanosecond
laser-structured silicon

C. H. Crouch, J. E. Carey, J. M. Warrender, M. J. Aziz, and E. Mazur®
Division of Engineering and Applied Sciences, Harvard University, Cambridge, Massachusetts 02138

F. Y. Génin
Lawrence Livermore National Laboratory, Livermore, California 94550

(Received 8 August 2003; accepted 7 January 2004

We compare the optical properties, chemical composition, and crystallinity of silicon
microstructures formed in the presence of 8l femtosecond laser irradiation and by nanosecond
laser irradiation. In spite of very different morphology and crystallinity, the optical properties and
chemical composition of the two types of microstructures are very similar. The structures formed
with femtosecondfs) pulses are covered with a disordered nanocrystalline surface layer less than
1 um thick, while those formed with nanosecoids) pulses have very little disorder. Both
ns-laser-formed and fs-laser-formed structures absorb near-infadee?.5um) radiation strongly

and have roughly 0.5% sulfur impurities. @004 American Institute of Physics.

[DOI: 10.1063/1.1667004

Many types of micrometer-scale surface structures deand the laser repetition rate. To produce fully developed
velop spontaneously on silicon surfaces after repeated pulseghikes, an average of 500 laser pulses was delivered to each
laser irradiatiort. In particular, sharp conical microstructures grea with fs pulse$and an average of 1500 laser pulses with
form on silicon surfaces in the presence ofsSfith either g pylses.
femtosecondfs)” or nanoseconéns’® laser irradiation. Ma- Images of the structures are shown in Fig. 1. The struc-

zur and co-wquers previously fou_nd that fs—l_aser—formedtures formed with the fs laser are one-fifth the size of those
structures exhibit below-band gap light absorption and phoformed with the ns laser. The fs-formed structures are

tocurrent generatioft® th remarkabl toelectroni
ocurrent generation; these remarkable -optoelectronic roughly 8 um tall and separated by gm; the ns-formed

properties are attributed to sulfur impurities in a microcrys- truct hiv 40m tall and ted b
talline surface layet® Although the fs-laser-formed and ns- structures are roughly 40m tall and separated by 26m.

laser-formed structures resemble one another superficially,N€ tiPs of the fs-formed structures are at the level of the
the differences in formation conditions and morphology sug-°riginal surface of the wafeiFig. 1(e)], while the ns-formed
gest that the formation mechanisms of the two types of strucstructures protrude above the original surfaeg. 1(f)]. Fi-
tures differ significantly. We set out to determine whether the
optoelectronic properties, chemical composition, and crystal-
linity of the ns-formed and fs-formed structures also differ.

We made samples by irradiating a silicon wafer with a
train of laser pulses in a vacuum chamber backfilled with
SFs.4 (Mazur and co-workers found previously that the dop-
ing, resistivity, and crystal plane of the substrate do not affect
the optical propertie®. The pressure of SFwas chosen to
match the conditions used in initial reports of these structures
(0.67 bar of SE with fs pulsed and 1 bar of Sf with ns
pulsed). A regeneratively amplified Ti:sapphire laser deliv-
ered a train of 800 nm, 100 fs pulses with a Gaussian spatial
profile; the average fluence of the laser spot was 8 kJm
KrF* excimer laser delivered a train of 248 nm, 30 ns laser
pulses with a flat-top spatial profile and a fluence of 30
kJ/n?. Irradiation creates an array of structures on the sample
surface only in the region illuminated by the laser.

We structure areas up to 10 myi0 mm by scanning
the laser beam across the sample. The average number of
laser pulses on any part of the surface is determined by the
scan speed, the size of the laser spot on the sample surface,

FIG. 1. Scanning electron micrographs of laser-microstructured Si surface

dElectronic mail: mazur@physics.harvard.edu formed in SE [(a), (c), (e)] with fs laser pulses, andb), (d), (f)] with ns
Ypresent address: Dept. of Physics & Astronomy, Swarthmore Collegelaser pulses. lifa)—(d) the sample is viewed at 45° to the normalj&h and
Swarthmore, PA 19081. (f) the sample is snapped in half and viewed edge-on.
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1.65 um; annealed samples have the greatest photorespon-
sivity. Both the fs-structured and the ns-structured materials,
when annealed, have a photoresponsivity on the order of 10
ns-formed, annealed| mMA/W in the near infrared, with the responsivity at 1,3t
roughly twice that at 1.5%m.> The infrared photoresponsiv-
. ity is orders of magnitude lower in unannealed samples, al-
though the below-band gap absorptance is several times
fs-formed, annealed greater; we surmise that annealing dramatically increases the
' mobility of the photocarriers, and the increased mobility
3 more than compensates for the loss in absorptance.

Mazur and co-workers found previously that fs structur-
FIG. 2. Dependence of absorptan@ on wavelength of fs-laser-formed ing must take place in the presence of sulfur to produce
and ns-Iaser-forme_d micrgstructures, before and after thermal annealing_ ftatureless, near-unity below-band gap absorption; structures
gzgsﬁa‘;‘;rigilgnsr'gvcgl"v'”g Ar. The absorptance of the unstructured Si ¢y e in air or in vacuum7d§) not absorb strongly at wave-

lengths longer than 1.m."® Likewise, ns-formed struc-

tures formed in air do not absorb at below-band gap wave-
Fengths. Sulfur impurities in the structures therefore appear
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nally, the fs-formed structures are covered with nanoparticle
10-50 nm in diameter that appear to have been deposited qn o .
the structure$Fig. 1(c)], while the surface of the ns-formed ?0 be critical to the below-band gap absorption.

structures is much smoother, with 500 nm size protrusions To determine the concentratlon_ of sulfur impurities, we
that appear to grow out of the surfaldg. 1(d)]. performed Rutherford backscattering spectromdiRBS)

We measured total hemispheridapecular and diffuge and ion channeling on the structured samples, and compared

reflectance(R) and transmittancéT) to determine the ab- the m_e?sured RBS s%ecr:rabto sklmulate_d spectra frorfn planar
sorptance A=1—R—T) of the structured surfaces. Mea- material. We measured the backscattering spectrum from 2.0

Lo .
surements were performed with a Hitachi U-4001 Uv-vis MeV He" with an annular solid state detector. As the RBS

spectrophotometer equipped with an integrating sphere deignal from deeper sulfur is masked by the silicon S|gnall, thg
tector. Figure 2 shows the wavelength dependence of thebectrum measures only the average sulfur concentration in

absorptance of both structured surfaces and of the unstruf1® uppermost 100 nm of the surface. To simplify the RBS
tured substrate silicon. The absorptance of the ns- and Spectra, the surface oxide layer, which also includes fluorine

formed structures is very similar: near-unity, featureless ablMPUrities, is removed from the samples by etching for 4 min
sorptance from 0.4 to m, a small decrease in absorptance!n 9% HF; etching has no effect on the optical properties or
around 1.1um (the band edge of ordinary siliconand ~ Surface morphology. o
strong featureless absorptance from 1.1 to 2% The ab- The RBS spectra of the f;-structured samples |ndlcqte
sorptance at wavelengths longer than &r is particularly that the sulfur concentratlor_l in the uppermost 100 nm is
remarkable, as unstructured silicon is nearly transparent & 7= 0.1 at. % before annealing and &.6.1 at. % after an-
these below-band gap wavelengths. The absorptance of tmealing. The sulfur signal obtained with ion channeling is
ns-structured materigab8% in the visible, 95% in the infra- Slightly lower than that obtained with randomly aligned
red) is somewhat stronger than that of the fs-structured maRBS, suggesting that some of the sulfur impurities are sub-
terial (95% in the visible, 85% in the infrargd stitutional. The fs-structured samples channel poo;&lﬁﬁ’i'}(
Annealing the structured surfaces at 875 K for 45 min in~50%), however, and the reduction in sulfur signal with
flowing Ar leaves the visible absorptance essentially unchanneling is comparable in magnitude to the possible
changed, but dramatically decreases the below-band gap agources of error. Hence we can only determine that between
sorptance(Fig. 2). The below-band gap absorptance of the20% and 70% of the sulfur in the unannealed fs-structured
ns-structured material changes less with annealing than th&gmple is substitutional, and we cannot determine how much
of the fs-structured material, and further annealing of thesulfur is substitutional in the annealed fs-structured sample.
ns-structured material for up to 12 h causes little additionaln the ns-structured samples, the sulfur concentration in the
change. The morphology of the structures observed wittbservable near-surface region is 8G1 at. % before an-
scanning electron microscopy is unchanged by annealing &ealing, and 0.4 0.1 at. % after annealing. The ns-structured
875 K® These observations suggest that the visible absorpsamples show much stronger silicon channelingy
tance is due to amplification of the intrinsic visible absorp-=5.6% before and 6.6% after annealingnd nearly half of
tance of silicon by multiple reflections from the rough sur-the sulfur is substitutional (43%7% before and 48%
face, but the below-band gap absorptance must come from 8% after annealing The sulfur concentration is therefore
electronic structure changes that are affected by annealingery similar in the two types of structures, but much more of
(In the 40um-deep ns-formed structures, the below-bandthe affected material in the ns-structured samples is single
gap absorptance should also be significantly amplified bygrystal than in the fs-structured samples, and a great deal of
multiple reflections; geometric effects may be less importanthe sulfur is definitely substitutional in the ns-structured
to the below-band gap absorption in the fs-formed structuresamples. The sulfur may or may not be incorporated differ-
because these infrared wavelengths are not much less thantly into the silicon in the two types of structures.
the 8 um structure depth. Given that annealing changes the optical properties dra-
Both the fs-structured and the ns-structured material exmatically, but only reduces the amount of observable sulfur
hibit photocurrent generation at wavelengths from 0.4 toby about 20%, it Is likely that the local environment of the
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0nm Mm - [ilim or the highly disordered fs-formed structures; the deactiva-
M tion process must not require a significant increase in the
crystallinity of the fs-formed structures. Alternatively, differ-
ent optically active configurations of sulfur could be present
in the fs-formed and ns-formed structures, although none of
our results directly suggest this interpretation.

In the ns-formed structures, the sulfur incorporation pro-
FIG. 3. Bright-field transmission electron micrographs(@fcross section ~ cess is probably similar to gas immersion laser dopfrig,
View of cisordered materillower panel Selected area elecuion ifaction /1O & semiconductor is doped by melting the surface with
\r;I:t\;\(laron obtained from the tip of lihe sampléb) cross section of tip of ns laser pulses in the pres_ence ofa gas_ containing the dESIer
ns-laser-formed microstructure: arid) cross section of side of ns-laser- dopants. The dopants are incorporated into the melt and rapid
formed microstructure. solidification that follows laser melting can produce highly
supersaturated solid solutiohsSulfur may be incorporated
. e . . into the fs-formed structures by a similar process; the fs laser
sulfur impurities is important to the optical properties. To )

: . fluences used are not far above the ablation threshold, and so

learn more about the material structure, we examined cross

sections of the structures with bright-field transmission elec? molten layer forms at the surface after the laser-induced

tron microscopy(TEM). Figure 3 shows micrographs of a plasma recombines and the electrons and lattice equilibtate.

. In summary, laser microstructuring of silicon surfaces in
fs-structured samplgFig. 3@] and a ns-structured sample the presence of SRwith either ns or fs laser pulses produces
[Figs. 3b) and 3c)]. The fs-formed structures consist of a P P P

core of undisturbed silicon covered with a highly di:sordereds.trong below-band gap absorptlo_n_and photocarrier genera-
- L : tion. Both types of structures exhibit these remarkable opto-
layer of silicon less than Lm thick including nanocrystal-

lites, nanopores, and sulfur impurities. Selected area diffrac(:ﬂec'{ronIC properties in spite of significant differences in

tion [inset to Fig. 8a)] indicates that the core is crystalline crystallmlty and morphology. Our _rgsult§ suggest that laser
. . . . structuring and sulfur doping of silicon is a robust way to
and the surface layer is polycrystalline or microcrystalline; L o : .
) : xtend the photoresponsivity of silicon into the near-infrared.
energy dispersive x-ray spectroscopy detects roughly 1% sul-

fur impurities in the disordered layer but none in the cbre. We thank J. Chervinsky, J. Harper, E. Hoke, J. Sage, and
The TEM images and diffraction patterns obtained from an{vi. Sheehy for experimental assistance, and Professor C. M.
nealed samples are simifaThe ns-formed structures like- Friend, Professor E. Kaxiras, Professor J. Leonard, Professor
wise have a crystalline core, but the disordered layer is evepy. paul, and Professor F. Spaepen for helpful discussions.
thinner (200 nm or lespand covers only parts of the struc- work at Harvard was supported by the Harvard MRSEC
tures; the tips of the structures are free of visible disorderyNSF/DMR-98-09363 the Dept. of EnergyDOE DE FC36
Although the bases of the ns-formed structupeisible in  01G011053 and the Army Research Offig®AAD19-99-

Fig. 1(f)] cannot be observed in TEM, they are visible to ion 1-0009. Work at LLNL was performed under the auspices of
channeling, which averages over the projected surfacehe U.S. Dept. of Energy by the Univ. of CA, Lawrence

Hence the observed good channeling indicates that even givermore National Laboratory under Contract No. W-7405-
the bases, the surface of the ns-formed structures cannot gg-48.
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