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Abstract Femtosecond (fs) laser irradiation of a silicon
substrate coated with a thin film is a flexible approach to
producing metastable alloys with unique properties, includ-
ing near-unity sub-band gap absorptance extending into the
infrared. However, dopant incorporation from a thin film
during fs-laser irradiation is not well understood. We study
the thin film femtosecond-laser doping process through op-
tical and structural characterization of silicon fs-laser doped
using a selenium thin film, and compare the resulting mi-
crostructure and dopant distribution to fs-laser doping with
sulfur from a gaseous precursor. We show that a thin film
dopant precursor significantly changes the laser-material
interactions, modifying both the surface structuring and
dopant incorporation processes and in turn affecting p–n
diode behavior.

1 Introduction

Silicon-based optoelectronic devices that operate at photon
energies less than the band gap (1.1 eV) are of great interest
for infrared detectors and silicon-based photovoltaics. Ultra-
fast laser irradiation of silicon [1] can be used to introduce
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chalcogens concentrations in Si up to 1019–1020 cm−3, sev-
eral orders of magnitude beyond their equilibrium solid sol-
ubility limit (1016–1017 cm−3) [2, 3]. Such hyperdoped sil-
icon exhibits unique near-unity sub-band gap absorptance
down to photon energies less than 0.5 eV [4–7]. Notably,
similar properties cannot be achieved through equilibrium
material synthesis methods.

So far, non-equilibrium chalcogen concentrations have
been successfully introduced into Si as a gas during fs-laser
irradiation [4, 7, 8] and as a powder or thin film on the sub-
strate prior to fs-irradiation [6, 7]. Low-bias Si photodiodes
with responsivity to photon energies as low as 0.8 eV have
been demonstrated based on Si hyperdoped using fs-laser
irradiation in the presence of SF6 gas [9]. To move the hy-
perdoping concept further, the deposition of a thin film of
dopant on the substrate would enable the introduction of
dopants that are unavailable, highly volatile, or toxic in the
gas phase, and thus open up fs-laser doping to a wider range
of elements [6, 7]. However, the extent to which fs-laser
doping can be used to modify the band structure of silicon
has been limited by a lack of understanding of the dopant
incorporation process and resulting microstructure when us-
ing a thin film dopant precursor. A better understanding of
thin film laser doping would therefore extend fs-laser doping
as a platform technology for novel materials synthesis.

In this work, we investigate thin film fs-laser doping
through the optical, structural, and electronic characteri-
zation of Si fs-laser doped using a thin film dopant pre-
cursor and compare the results to Si films doped using a
gaseous precursor. Under identical irradiation conditions, fs-
laser doping with a thin-film yields higher sub-band gap
absorptance than doping with a gaseous precursor. Struc-
tural investigations show that a thin film dopant precursor
strongly influences the surface structuring and dopant in-
corporation processes compared to doping with a gas-phase
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Table 1 Notation and
corresponding fs-laser doping
parameters for samples used in
this study

Name Dopant Fluence Shots per area Atmosphere Substrate

precursor (kJ/m2) (s/A) (6.7 × 104 Pa) Si(100)

Se:Si-1 Se thin film 4 88 N2 n-Type (3000–6000 � cm)

SF6:Si-1 SF6 gas 4 88 SF6 n-Type (3000–6000 � cm)

N2:Si-1 None 4 88 N2 n-Type (3000–6000 � cm)

Se:Si-2 Se thin film 4 88 N2 p-Type (1–20 � cm)

SF6:Si-2 SF6 gas 8 50 SF6 p-Type (1–20 � cm)

precursor, which has notable consequences on the result-
ing surface morphology, microstructure, and dopant distri-
bution. We also discuss the impact of a thin-film fs-laser
doping on p–n diode behavior due to the differences in mi-
crostructure and dopant distribution that arise from the use
of a thin film precursor.

2 Methods

The Si samples were irradiated with above-ablation thresh-
old Ti:sapphire fs-laser pulses (800-nm wavelength, 80-fs
pulse duration) with a fluence of 4 kJ/m2 and 88 shots per
area (s/a). The detailed fs-laser doping procedure and ex-
perimental set-up have been described previously [7], and
complete irradiation parameters used in this work are re-
ported in Table 1. For thin film fs-laser doping, a 75 nm
film of Se was deposited onto the silicon wafer prior to ir-
radiation in nitrogen. To understand the effect of the thin
film on the hyperdoping process, silicon was also irradi-
ated in the presence of SF6 gas, and in nitrogen without
a dopant precursor. After laser exposure, the transmittance
and reflectance of each sample was measured indepen-
dently with a UV-Vis-NIR spectrophotometer equipped with
an integrating sphere; from these spectra the absorptance
(A = 1 − T − R) was calculated. The sample morphology
was investigated using a FEI Helios 600 scanning electron
microscope (SEM) operated at 5 kV accelerating voltage.
Cross-sectional transmission electron microscopy (TEM)
samples were prepared using a tripod polisher followed by a
brief Ar+-ion mill. Bright-field (BF) TEM micrographs and
selected area diffraction patterns (SAD) were collected with
a JEOL 2011 TEM operated at 200 kV. Dark-field scanning
TEM (DF-STEM) and energy dispersive X-ray spectroscopy
(EDX) were carried out on a JEOL 2010F TEM operated
at 200 kV. To form p–n diodes, samples were annealed at
975 K for 30 minutes prior to patterning aluminum contacts
using electron beam deposition.

3 Results and discussion

First, we compare the optical properties of samples prepared
using thin film or gas precursors, as defined in Table 1. Fig-

Fig. 1 Absorptance spectra of all samples presented in this work

ure 1(a) shows the absorptance of as-prepared fs-laser doped
samples. All hyperdoped samples exhibit unique sub-band
gap absorptance, but sample Se:Si-1 (prepared using a thin
film precursor) has a higher average IR-absorptance (90%)
than sample SF6:Si-1 (70%), which was irradiated under
the same conditions but in a presence of a gaseous precur-
sor. Both samples have significantly greater IR absorptance
than sample N2:Si-1, which exhibits lower, monotonically
decreasing absorptance in this spectral region, likely due
to defect states induced by irradiation [7]. The difference
in optical absorptance between the thin film-doped (Se:Si-
1) and gas-phase doped (SF6:Si-1) samples irradiated un-
der identical conditions suggests that the doping process is
strongly influenced by the phase of the dopant precursor. To
achieve comparable absorptance for electronic characteriza-
tion of samples prepared using different dopant precursors
(discussed below), we prepared sample SF6:Si-2 by increas-
ing the laser fluence to 8 kJ/m2 and used 50 s/A, which
resulted in an average IR-absorptance of 84%.

To better understand the difference in irradiation con-
ditions necessary to achieve high IR-absorptance for gas
and thin film precursors, we investigated the morphology,
microstructure, and dopant distribution using electron mi-
croscopy. The effect of the thin film on the surface mi-
crostructure was studied by comparing samples irradiated
under identical conditions in an N2 ambient, and with and
without a Se thin film (samples Se:Si-1 and N2:Si-1). We
also gain insight into the unique aspects of the dopant in-
corporation resulting from the thin film doping by com-
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Fig. 2 (a–d) SEM micrographs
showing surface morphology of
fs-laser irradiated Si. The laser
scan direction and polarization
was in the horizontal direction.
The same scale bar for all
images. (e–g) Stereoscopically
reconstructed 3D models of
surfaces (e, f), used to extract
the RMS of the surface height
shown in (g). Scale bar in (e, f)
reflects 2 μm along the front
edge of the model. Error bars in
RMS measurements reflect
standard deviation for five
independent measurements.
(h) Height profiles of
representative surface peaks and
the relative thickness of the
75 nm Se film (dashed)

paring Se:Si-1 to SF6:Si-1 and SF6:Si-2. SEM images in
Figs. 2(a)–2(d) show that all of the samples, regardless of
the processing conditions, develop micrometer-scale peri-
odic peaks through repeated melting and ablation of Si, but
the size and shape of the spikes is strongly influenced by the
dopant precursor phase. Notably, such surface structuring
of silicon using fs-laser irradiation has been investigated as
a process for creating antireflection and light-trapping sur-
faces for photovoltaics [1], but the effect of a thin film on
the surface structuring process has not been explored. We
quantified roughness of the surface by measuring the root-
mean-square (RMS) of the height from stereoscopically re-
constructed models [10] of SEM images taken at 0◦, −10◦,
and +10◦ tilts (Figs. 2(e), 2(f)). The presence of the 75 nm
film of Se causes the RMS to increase by over 200%, from
0.96 μm for N2:Si-1 to 2.36 μm for Se:Si-1 (Fig. 2(g)), an
increase more than an order of magnitude larger than the
initial Se film thickness indicated in Fig. 2(h)

From the change in amplitude related to the thin film
dopant precursor, it is clear that the Se thin film signifi-

cantly influences the laser-induced surface structuring pro-
cess. To better understand the surface structuring and dopant
incorporation processes, the samples were next investigated
using cross-sectional TEM and EDX chemical analysis.
BF-TEM images and corresponding SAD of N2:Si-1 sam-
ple (Fig. 3(a)) demonstrate that a 100–300-nm thick sur-
face layer is laser-modified when no dopant precursors are
present, and the surface peaks retain the same crystalline
orientation as the substrate, though occasionally a misori-
ented grain was identified (not shown). In both SF6:Si sam-
ples a sulfur-rich layer was observed on the surface while
the peaks retain a single-crystalline, undoped core, con-
sistent with previous findings [11]. (The thickness of the
S-doped layer changes with fluence, but it is generally less
than 300 nm in both SF6:Si samples.)

In contrast to other samples, thin film-doped samples ex-
hibit a distinct dopant distribution and microstructure. As
shown in Fig. 3(d), Se:Si-1 contains micrometer-scale vol-
umes of polycrystalline Si within each surface peak, as
confirmed by the corresponding SAD patterns. Using DF-
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Fig. 3 Cross-sectional
BF-TEM images taken along the
Si [011] zone axis with
corresponding selected area
diffraction patterns (insets).
Black arrows indicate
selenium-free valleys in (a), and
identify the sulfur-rich surface
layer in (c–d). The observed
BF-TEM contrast within the
core of N2:Si-1 and SF6:Si
peaks corresponds to pockets of
amorphous material, as
confirmed by convergent beam
electron diffraction [17]

Fig. 4 (a) DF-STEM image of
Se:Si-1, dashed boxes highlight
the regions shown in (b) and (c).
(b) Selenium EDX line scan
across the doped-undoped
interface. (c) DF-STEM image
showing the location of SeKα

EDX point spectra shown in (d)

STEM and EDX (Fig. 4), we show that the entire polycrys-
talline region is Se-rich, as opposed to the surface-only dop-
ing of SF6:Si samples. A series of EDX point scans and the
corresponding SeKα EDX peaks (Figs. 4(c)–4(d)) indicate
that the Se concentration is on the order of 1019–1020 cm−3

(0.1–1%). We note that here EDX can be used only qualita-
tively, as the measured concentrations are at the lower limit
of the EDX chemical resolution. As shown in Fig. 4(b), an
EDX line scan from the Si substrate into the polycrystalline
doped region confirms that Se is incorporated throughout the
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Fig. 5 Current density vs. bias curves of Se:Si-2 and SF6:Si-2 at room
temperature

entire polycrystalline region with some local variations in
the Se composition.

The general structure of the control sample (N2:Si-1) and
sulfur-doped samples (SF6:Si-1,2) is consistent with the cur-
rent understanding of fs-laser induced surface structuring
and dopant incorporation [12, 13]. During fs-laser irradia-
tion above the ablation threshold, a thin layer of material
(estimated to be approximately 100 nm for SF6:Si samples)
is ablated from the surface and a molten Si layer is left be-
hind. When a gas is present during irradiation, it is atomized
by the high intensity of the ultra-short laser pulse and mixes
with the molten Si [14], which then resolidifies quickly due
to its contact with the cold bulk substrate [15]. However,
the morphology, microstructure, and dopant distribution in
Se:Si-1 cannot be explained by the gas-phase doping model
discussed above and together present a strong evidence that
a thin film dopant precursor changes the surface structur-
ing and dopant incorporation processes, as discussed below
(Fig. 5).

The micrometer-scale volumes of the generated Se-
doped material are an order of magnitude deeper than typi-
cal silicon melt depths under these conditions, and are likely
the source of the strong sub-band gap absorptance observed
in Se:Si-1 (90%) compared to SF6:Si-1 (70%). The Se–Si
and S–Si phase diagrams [16] show that substantial sup-
pression of the chalcogen-silicon melt temperature is possi-
ble only when the chalcogen concentration is greater than
40–50 at%. During early-stage irradiation, a thin film of
dopant precursor provides sufficiently high concentrations
of chalcogens at the surface to suppress the melt tempera-
ture and thus increase the melt depth. On the other hand,
when treated as an ideal gas, the concentration of S in SF6

gas is about 2 × 1019 cm−3 under typical structuring condi-
tions, which is less than 1% of the atomic density of silicon.
The melt depths observed in N2:Si-1 and SF6:Si samples
are similar and less than 300 nm (Figs. 3(a), 3(b), 3(d)), in-
dicating that a gaseous dopant precursor does not provide

sufficient concentrations to substantially suppress the melt
temperature and thus increase the melt depth.

Although only ∼1% Se was observed in the recrystal-
lized region, we suggest that additional dopant redistribu-
tion occurs during later-stage laser irradiation. The lack of
dopant in the “valleys” of the Se:Si-2 surface (Fig. 3(d),
black arrows) is consistent with the finite source of Se avail-
able for incorporation. During later-stage irradiation, as ma-
terial is ablated away from regions between the peaks, Se
is lost from these regions without being replenished. Similar
ablation processes occur during irradiation in SF6, but sulfur
is available for incorporation even during later-stage irradi-
ation due to the steady supply of a gaseous precursor. The
thin film of selenium, however, represents a finite resource
for doping; the this film is either incorporated into silicon or
ablated away during earlier-stage irradiation.

Finally, to investigate the consequences of thin-film fs-
laser doping on p–n diode behavior, we fabricated SF6-
doped (SF6:Si-2) and Se-doped (Se-:Si-2) samples on a
p-type substrate. Fs-laser irradiation conditions were cho-
sen for SF6:Si-2 such that it exhibited similar optical prop-
erties to Se:Si-2, as shown in Fig. 1(a). The Se:Si-2 diode
shows rectification (Fig. 5), confirming that the Se dopants
act as donors and produce a junction with the p-type sub-
strate. The Se:Si-2 diode (Fig. 5), however, exhibits a higher
leakage current than the SF6:Si-2 diode, which could be
a consequence of the unique dopant distribution and mi-
crostructure arising from using a thin film precursor dur-
ing the doping process.; the discontinuous nature of the thin
film-doped Se:Si surface creates shunts at the p–n junction,
whereas SF6:Si has a continuous surface layer of doped ma-
terial. Nevertheless, our results show that thin film doping
is a valuable technique for synthesizing surfaces of hyper-
doped silicon with sub-band gap absorption and can produce
rectifying p–n diodes. Future studies will concentrate on us-
ing this understanding of the melting and ablation processes
that occur during thin film fs-laser doping to tailor the sur-
face structure and dopant distribution.

4 Conclusion

In summary, a thin film dopant precursor compared to a gas
precursor changes both the surface structuring and dopant
incorporation processes in fs-laser doped silicon. Thin film
fs-laser doping generates larger volumes of doped material
than doping from a gas and achieves higher sub-band gap
absorptance at lower fluences. Both processes can yield rec-
tifying p–n diodes, but future improvement of p–n diodes
based on thin film dopants will require improvement of the
discontinuous dopant distribution. The successful synthesis
of novel hyperdoped materials for optoelectronic applica-
tions requires an in-depth understanding of the modified sur-
face structuring and dopant incorporation processes, which
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will enable more rational control of the resulting microstruc-
ture and dopant distribution. This work represents progress
in understanding thin film fs-laser doping as an inexpensive,
flexible, and unique platform for novel materials synthesis.
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