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ARTICLE INFO ABSTRACT

Keywords: High-fluence femtosecond laser pulses can induce physical and chemical changes in materials that are unreal-
Femtosecond laser izable under standard laboratory conditions. The exact nature of these changes can depend strongly on the
Irradiation

gaseous environment in which the material is irradiated since near-surface chemical reactions can occur between
the two materials. Surface modifications of silicon are of particular interest due to its significance in
semiconductor-based applications. Specifically, the formation of silicon nitride (Si3Ny4) structures is desirable for
multiple applications due to its high stability and low dielectric constant. Herein, we report on femtosecond
laser-induced morphological and chemical modifications of silicon in a nitrogen atmosphere. We observed an
extremely fast chemical reaction in the silicon-nitrogen system. The presence of crystalline SisN4 was confirmed
using high-resolution transmission electron microscopy, representing the first reported synthesis of SizN4
nanocrystals through femtosecond laser-based methods. In addition, the surface was found to contain alternating
layers of amorphous and crystalline silicon. Provided are plausible mechanisms for the formation of each of these
structures. Taken together, these findings on surface modification of silicon using femtosecond laser irradiation

Silicon nitrogen system
Silicon nitride formation

may provide new pathways for manufacturing of nanoscale devices.

1. Introduction

Femtosecond laser irradiation is a powerful tool for inducing phys-
ical and chemical transformations which are otherwise unfeasible in a
typical laboratory setting through the use of ultrashort laser pulses
(~10715 s) that generate non-equilibrium conditions within a target
material [1]. The high energy of the laser pulses can excite molecular
vibrations, rotations, and electronic transitions, leading to the rapid
rearrangement of the atomic bonds and the subsequent formation of new
chemical species. Femtosecond laser irradiation can also lead to the
generation of highly reactive species such as radicals and ions, which
can significantly accelerate chemical interactions. It is well-recognized
that these reactions have the potential to be applied in a wide range
of fields including photochemistry, materials science, and organic syn-
thesis [2]. However, there is remains a lack of experimental data on
fs-laser irradiation chemistry to allow for a full-understanding of these
short-duration interactions.

Most prior research on the subject focused on surface modifications
as well as the formation of various coatings [3,4]. For example, fs-lasers
were exploited to modify the surface properties of refractory materials
such as titanium nitride, titanium carbide (TiC), and silicon carbide
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(SiC) [5-11]. The so-formed surfaces possess superior tribological
properties, reduced friction, and/or enhanced biocompatibility. In
addition, fs-lasers have been utilized in the synthesis and deposition of
nanoparticles and films on various substrates including silicon (Si) [12,
13]. Silicon under femtosecond laser irradiation is a topic that has
gained significant interest in recent years due to its potential applica-
tions in various fields such as microelectronics, photonics, and opto-
electronics. One of the key advantages of femtosecond laser irradiation
as it relates to silicon is the ability to generate precise, high-resolution
patterns over the surface of the material. This has led to its use in the
fabrication of micro- and nanoscale devices such as photonic crystals,
waveguides, and sensors [14-19].

Silicon nitride (SigN4) is a unique and versatile material whose sig-
nificance in the semiconductor industry stems from functionalities that
include passivation, insulation, diffusion barriers, and dielectric layers
[20,21]. It is also used in the production of micro-electromechanical
systems (MEMS) devices, sensors, and protective coatings [22-25].
One of the key benefits of silicon nitride layers is their excellent thermal
and chemical stability, making them ideal for use in high-temperature
and chemically harsh environments. With a low dielectric constant,
these layers are also well-suited for use in integrated circuits and other
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electronic devices where minimizing signal interference is critical.

To our knowledge, the use of fs laser irradiation to synthesize solid
SigN4 has not heretofore been reported. There are, however, several
studies investigating such interactions in the silicon-carbon and
titanium-nitrogen systems [26-31]. A silicon carbide phase was detec-
ted during the fabrication of Si nanoparticles by fs (35-900 fs) laser
ablation of a single-crystal silicon wafer immersed in 95 % ethanol.
While the main products were Si nanoparticles in the size range of
20-150 nm, HRTEM also detected a small quantity of SiC nanocrystals
with sizes greater than 5 nm [26]. It is worth noting that significantly
more B—SiC nanoparticles with sizes of approximately 3.5 nm were
detected when using a 10 ns laser in a similar experimental configura-
tion [27]. In the latter case, the reaction time was estimated to be 103 ns.
Fs-laser (700 fs) ablation of a Si wafer immersed in hexane also resulted
in the formation of a mixture of Si (major component) and SiC nano-
particles [28]. For this case, the size of the carbide particles was
considerably larger (100-200 nm), and particles with sizes exceeding
100 nm possessed a Si-SiC core-shell morphology. Silicon carbide
nanocrystals, with sizes ranging from 70 to 700 nm, have also been
synthesized by irradiating a carbon layer (2.5 pm) deposited on a silicon
wafer with 42 fs laser pulses at a repetition rate of 1 kHz [29]. The
number of shots was varied in the range of 50-3000 with laser fluences
0f0.23-1.15J, /crnz, all of which are well above the ablation threshold of
carbon and silicon. SiC crystals were only observed after 3000 shots
when using an intermediate fluence of 0.63 J cm™2.

Titanium nitride and oxy-nitride phases were detected on a titanium
surface after fs-laser irradiation in a nitrogen atmosphere. The titanium
foil was irradiated in nitrogen flow (2.5 L min~ 1) with 10* fs-laser pulses
(wavelength 1040 nm, pulse length 350 fs, spot size ~ 40 mm, fluence
1-1.6 J ecm~ %) [30]. It was observed that the amount of TiN on the
surface increased as the fluence increased. In addition, cleaning of the Ti
surface by irradiation in argon led to a further enhancement in surface
nitridation. Even then, the total concentration of the nitride on the
surface did not exceed 9 at.%. Another study reported on the interaction
of titanium with nitrogen gas under laser irradiation where a high power
(100 W), high pulse repetition rate (1 MHz) fs-laser was used (4 = 1030
nm, 7 = 750 fs, fluence ~ 0.5 J cm’z, N = 250) [31]. In this nitrogen
atmosphere, a homogeneous TiON coating was formed. EDX analysis
revealed 17 at.% of nitrogen on the surface layer. Parameters of rele-
vance for all of the aforementioned studies are summarized in Table S1.

Herein, we report on the chemical interaction between a Si wafer and
nitrogen during fs-laser irradiation (290 fs) with a few high-fluence
pulses (~100 J cm~?) where specific attention is paid to the structural
and phase transformations that take place on the atomic level. Specif-
ically, we observed the formation of sequences of crystal-amorphous
silicon layers and silicon nitride crystals. These findings may provide a
foundation for future work towards the fabrication of various nanoscale
devices.

2. Methods

The experiments were performed in a custom-built pressure vessel
rated for 10 atm and able to accept various gases. The laser source used
was a Pharos PH1-20 W fs laser with a pulse duration of 290 fs and a
center wavelength of 1030 nm. The pulse energy and repetition rate
were set to E = 200 pJ and f = 10 kHz, respectively. The laser is directed
through a fused quartz (FQ) window onto the focal plane by a scan head
(ScanLABS exceliSCAN 14) to a nominal spot diameter of 15 pm to attain
a peak fluence of 226 J em 2.

A polished p-type (100) Si single-crystal wafer (MTI Corporation,
USA) was loaded into the pressure vessel and pumped to a base pressure
of 0.04 atm. The vessel was then filled to 1 atm with high-purity Ar gas
where a slight overpressure allowed for a continuous flow through an
outlet that, over time, purged residual oxygen from the system. For laser
exposures carried out under a nitrogen atmosphere, the Ar gas was first
purged from the system with high-purity N, gas while maintaining an
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overpressure of 1.05 atm. The oxygen content was monitored and stayed
below the detection limit of 200 ppm for the duration of the process. The
laser beam is positioned in the XY-plane by a Galvo scanner and focused
onto the surface of the substrate using a f-theta lens. The beam was
scanned along 500 pm diameter circular paths with varying speeds (vy:
22.2, 40, 100, and 200 mm/s) to avoid issues associated with the
shuttering of the beam. A schematic of the experimental setup is pro-
vided in Fig. 1.

The morphological characteristics of the laser-irradiated materials
were examined using a field emission scanning electron microscope
(FESEM, Magellan 400, Thermo Fisher Scientific Inc., USA) equipped
with an energy-dispersive X-ray spectroscopy (EDX) system (Bruker,
USA). EDX mapping was performed to investigate the distribution of
nitrogen within the treated sample. These maps were further used to
identify areas of high nitrogen content for preparation of lamella for
transmission electron microscopy (TEM). TEM samples were prepared in
a Helios G4 Ux Dual Beam SEM (Thermo Fisher Scientific, USA) through
focused ion beam (FIB) etching utilizing a standard lift-out technique.
High-resolution images were captured using a double-tilt holder on a
Talos F200i TEM (Thermo Fisher Scientific, USA) operated at 200 kV.
STEM images were taken using a Panther STEM detector system in high-
angle annular dark field (HAADF) mode. Compositional analysis was
conducted in STEM mode using energy dispersive X-ray spectroscopy
(EDX, SuperX detector, Thermo Fisher Scientific, USA). Selected area
electron diffraction (SAED) was used to analyze the crystal structure of
the treated material. Electron energy loss spectroscopy (EELS) was
performed using the GIF unit of a Continuum K3 system (Gatan, USA)
equipped on a Spectra 300 STEM (Thermo Fisher Scientific, USA)

3. Results

As a control, a TEM lamella from an untreated Si single-crystal
substrate was prepared and imaged (Fig. Sla and b). The cross section
reveals a 2-3 nm thick silicon oxide layer on the surface of the crystal
(Fig. S1c—f) where the Ir, C, and Pt layers all originate from SEM-FIB
sample preparation. After laser irradiation, a 3D structure appeared on
the Si surface that was analyzed using an optical surface profiler (Zygo
NewView 9000, AMETEK Inc., USA). Fig. 2 shows the optical intensity
maps obtained for irradiated surfaces with different scan speeds. Despite
the nominal laser spot diameter of 15 pm, the high pulse energy results
in an area ~50 pm in diameter with sufficient energy to cause ablation
and/or surface modification. This resulted in overlapping modified
areas, with the fastest speed giving the least overlap and the slowest scan
speed resulting in significant overlap. By using the scan speed, beam
path diameter, ablated area size, and repetition frequency, the number
of overlapping spots can be estimated. With the fastest scan speed, there
are 1-3 overlapping pulses, while the slowest scan speed gives a
maximum of ~23 overlapped pulses. Regardless of scan speed, there is
generally more overlap in the middle of the annulus, and less at the
edges.

The minimal overlap result (200 mm/s scan speed) exhibits a laser-
induced periodic surface structure that is typical for a femtosecond laser
interaction with Si. As the scan speed is decreased, overlap increases and
the ablation effects become more pronounced (panels b-d). Conse-
quently, several micron-deep trenches emerge with rough surfaces along
with a considerable amount of debris that is located in the immediate
vicinity. An example of the analysis performed for the fastest scan (v; =
200 mm/s) experiment is shown in Fig. 3a. Fig. 3b shows representative
profiles for the structures obtained under the various spot overlap con-
ditions. SEM and EDX were used to characterize the surface topology
and composition of the laser-irradiated areas (Fig. S2). A comparison of
the minimal and maximal overlap samples reveals the emergence of a
deepening cavity that is accompanied by an increased nitrogen signal
that appears in the EDX spectra as a low-energy shoulder on the oxygen
peak (Fig. S2). EDX mapping of the maximal overlap sample reveals that
the concentration of both oxygen and nitrogen is highest outside of the
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Fig. 1. Schematic of the experimental setup used in the laser-based synthesis of Si;N4 wherein a Si substrate irradiated in N, atmosphere.

Fig. 2. Optical intensity maps of the Si surface after its irradiation with a 200 pJ laser beam with scan speeds of (a) vs = 200; (b) 100; (c) 40; and (d) 22.2 mm/s.

Fig. 3. (a) Cross section of the laser irradiated area obtained using a 3D surface profiler under the fastest scan speed. (b) Profiles obtained for all laser scan speeds.

direct beam path and lower within the beam path. Additionally, EDX
point analysis shows nitrogen content at ~25 % in specific nitrogen-rich
regions (Fig. S2). TEM lamella were prepared from regions showing the
highest nitrogen content, near the boundary of the irradiated zone.
TEM characterization for the sample with the fastest scan speed is
presented in Fig. 4. Recall that all investigated specimens represent the
characteristic structures, which was proven by multiple samples cross
sectioning in the areas with maximum nitrogen concentration (EDS
data). Fig. 4a reveals that the unirradiated area (i.e., left side) remains
morphologically unchanged whereas the irradiated area (i.e., right side)
shows a significant transformation. Low magnification EDX was used to
survey the large protrusion (denoted by red box in Fig. 4a). The images

(Fig. 4b and c) show that it consists of Si with an oxygen-rich surface
layer. This surface layer also appeared to be porous as carbon and
platinum contaminants from the FIB deposition were detected. Close
inspection of the surface layer also exposed the presence of nitrogen
(Fig. 4d and e), potentially indicating the formation of silicon oxy-
nitride. It is important to note that Si3N4 was not observed in the sample.
The EDX spectrum of this region, which is provided in Fig. S3a, clearly
shows the presence of both O and N. Fast Fourier transform (FFT)
analysis (Fig. 4f inset) identified the crystalline regions marked in red as
Si. From this image, it is apparent that an amorphous Si layer exists
between two crystalline Si layers. No other crystalline phases were
observed, indicating that any silicon oxynitride phase would have to be
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Fig. 4. (a) BF-TEM and (b) HAADF-STEM micrographs for a laser-irradiated sample prepared under the fastest laser scan conditions along with the (c) associated
low-magnification C, N, O, Si, and Pt wt.% EDX-STEM mapping. Higher magnification (d) HAADF, (e) wt.% EDX, and (f) HRTEM micrographs for the surface of the
protrusion denoted by the yellow box in (b). The inset in (f) is the FFT of the image, showing single-crystal silicon. Scale bars are 2 pm (a), 500 nm (b—c) and 20

nm (d-f).

amorphous.

Fig. 5 presents images and elemental mapping obtained for a lamella
prepared from a sample laser-irradiated at the slowest scan speed. The
HAADF-STEM micrograph (Fig. 5a) shows that significant morpholog-
ical change has occurred. HAADF- and EDX-STEM (Fig. 5b and c) were
performed on the protrusion denoted by the red box in Fig. 5a. Within
this protrusion, two areas were analyzed (Fig. 5c¢): One internal area
showing higher nitrogen content (Area 1, yellow box) and another area
near the surface of the Si (Area 2, blue box). It is worth noting that the
EDX map is presented as weight-percentage and the mapping software
attempts to fill all areas, including voids.

A HAADF-STEM micrograph of Area 1 is shown in Fig. 6a and cor-
responding EDX mapping in Fig. 6b. EDX mapping allowed for clear
identification of the region with higher N content. A profile along this N-
rich region was taken (Fig. 6¢) and gives atomic percentages of 55.1 % N
and 44.9 % Si, consistent with the percentages expected for SigN4 (i.e.,
57 % N and 43 % Si). To confirm, HRTEM was performed to investigate
the crystal structure (Fig. 6d and e). The HRTEM image (Fig. 6d) con-
tains two distinct crystal structures, as shown in the FFT (Fig. 6e). Most

reflections correspond to Si, however the reflections circled in blue
represent a lattice with spacing of 3.8 A, which fits well with the (110)
plane of either a- or $-SigN4. Mapping the crystal spacings back onto the
original images (Fig. 6d), results in the colored mapping where blue
corresponds to the 3.8 A SigN4 (110) plane and red corresponds to the
2.69 and 3.10 A Si (002) and (111) planes, respectively. It is worth
noting that the blue region with the 3.8 A spacing overlaps with the N-
rich region measured by EDX (Fig. 6b), further confirming the presence
of a SigNy4 phase. It should also be noted that the area below the SigNy4
inclusion is amorphous and shows only Si. The EDX spectrum for this
region is presented in Fig. S3b and a higher magnification of the SizsN4
crystal is presented in Fig. S4.

To address the viability of this method to produce silicon nitride, an
additional lamella was prepared from a second sample treated under the
same experimental conditions. Within this lamella, several SisN4 in-
clusions were observed as shown by EDX (Fig. S5). Selected area elec-
tron diffraction (SAED) was collected to demonstrate that the SisN4 was
in the a-phase (Fig. S6). This conclusion is based off the strong agree-
ment of multiple diffraction spots, and that a diffraction spot at 4.31 A is

Fig. 5. (a) BF-TEM image; (b) HAADF and (c) corresponding low magnification C, N, O, Si, Pt wt.% EDX-STEM mapping for the sample prepared under the slowest

laser scan conditions. Scale bars are 2 pm (a) and 500 nm (b-c).
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Fig. 6. (a) HAADF- and (b) at.% EDX-STEM of Area 1 from Fig. 4. (c) The elemental composition along the line profile marked in Fig. 6b. (d) HRTEM focused on the
nitrogen-rich area in Fig. 6b, where the red and blue areas have lattice spacing corresponding to Si and a- or p-SisNy, respectively. (e) FFT of Fig. 6d where the
reflections circled in blue are assigned to SizNy. Scale bars are 100 nm (a-b), 20 nm (d) and 5 nm~! (e).

expected for the (101) plane in a-SisN4 while no planes have similar d-
spacing in Si, B-, or y-SigNy. To further confirm the synthesis of SigNy,
electron energy loss spectroscopy (EELS) was performed on both a
nitrogen-rich area and the unaltered substrate (Fig. S7). The first energy-
loss near-edge structure (ELNES) peak for the nitrogen-rich area is
shifted by ~5 eV as compared to silicon. Additionally, the second ELNES

peak is much narrower for the nitrogen-rich area as compared to the
substrate. The same trends were observed by Worch et al., and the
spectra show strong agreement overall [32].

HAADF- and EDX-STEM micrographs of Area 2 are presented in
Fig. 7aand b. A line profile through this interface region shows a general
trend of increasing Si and decreasing C, N, and O (Fig. 7c). The presence

Fig. 7. (a) HAADF- and (b) wt.% EDX-STEM of Area 2 from Fig. 4c. (c) The elemental composition along the line profile marked in Fig. 7b. (d) HRTEM focused on the
nitrogen-rich area in Fig. 7b.The red marked areas have lattice spacing corresponding to Si. (e) FFT of Fig. 7d, with all reflections corresponding to single-crystal Si.

Scale bars are 20 nm (a-b, d) and 5 am~! (e).
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of Si, O, N, and C in the top layer may be the result of porous silica or
silicon oxynitride that formed during or after the laser irradiation, with
carbon depositing into the pores during FIB sample preparation. An EDX
spectrum of this region is presented in Fig. S3c. A more interesting
phenomenon is observed in the HRTEM micrograph of this region
(Fig. 7d). While the FFT (Fig. 7e) represents only single-crystal silicon,
mapping the crystalline regions shows non-uniformity (Fig. 7d). The
uppermost region is an amorphous, porous oxynitride into which carbon
penetrated during deposition. Below this is a four-layer structure that
alternates between crystalline and amorphous Si with layer thicknesses
of 15, 5, 20, and 5 nm. Finally, at the bottom is bulk crystalline Si.

4. Discussion

Taken together, the reported data shows two important effects
occurring when Si is irradiated with multiple fs laser pulses in a nitrogen
atmosphere: (i) the formation of crystalline SigN4 and (ii) a multilayer
structure alternating between crystalline and amorphous phases of Si
that occurs near the surface of the irradiated area. Hypotheses for the
origin of these effects are discussed separately.

Formation of Silicon Nitride. The silicon — nitrogen system involves
several specific features needed to analyze the mechanism of silicon
nitride formation. First, the solubility of nitrogen in silicon, including
molten silicon, is extremely low. At the melting point of Si (1687 K),
solubility is limited to Cy = 42 ppm by mass, which slowly increases
with temperature according to [33]:

376

24
Cy(T)=7958% " T (T:1687 — 1832K)

Second, the equilibrium phase diagram (see Fig. S8) reveals that bulk
silicon nitride exists only in the SigNy4 stoichiometry and that it disso-
ciates to liquid silicon and gas nitrogen at a critical temperature of near
2200 K at 1 atm of nitrogen [34]. The dissociation temperature slowly
increases with increasing nitrogen pressure (see Fig. S9) [35]:

880728

M 148314 (P.)

Third, there are three crystallographic structures of SigNy, desig-
nated as «, p and y phases [36]. The « (trigonal, P31c) and p (hexagonal,
P63/m) phases are the most common forms of Si3N4 and can be produced
under standard pressure conditions. Cubic y-SizsN4 (F d 3m) has a
spinel-type structure and can only be synthesized under high pressures
(ie.,, P > 20 GPa) [37]. Fourth, due to the extremely low solubility of
nitrogen in silicon and the high energy of nitride formation (ie.,
760-829 kJ mol’l), the reaction rates are low and nuclei formation is a
limiting stage [38]. The typical reaction time between silicon and ni-
trogen can vary depending on the specific reaction conditions (e.g.,
temperature, pressure, presence of catalysts, etc.). In general, the for-
mation of silicon nitride from Si and Ny typically takes place at high
temperatures (i.e., 1400-1800 °C) and can take anywhere from a few
hours to several days to complete. However, use of high-energy methods
like plasma can cause the reaction to occur much more quickly. For
example, the B-SigN4 phase was formed in 1 s by using a self-sustained
reaction carried out at 2000 K and a gas pressure of 10 MPa [39,40].

While there is limited experimental data on the Si-Nj interaction
under laser irradiation conditions, modeling of chemical reactions in
laser-induced Si-N plasma has been performed [41]. The main findings
are that (i) shockwaves in laser-induced Si-N plasmas have no effect on
chemical reactions, (ii) chemical bonding only occurs in the plume
boundary layer where a high temperature gradient exists after the
shockwaves have dissipated, (iii) the thickness of this boundary layer
increases with time because the slope of the temperature drop becomes
smaller due to plume expansion, and (iv) the expansion of the hot region
of the plasma plume slows down and practically stops after about 3 ps.
Additionally, typical plasma compositions as a function of temperature
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for different Si:N mole ratios were calculated (Fig. S10). These simulated
results suggest that silicon and nitrogen predominantly exist as free
radicals in plasmas at temperatures of 10,000 K, but small quantities of
diatomic gaseous SiN are also present. Recent experiments have also
confirmed the formation of diatomic SiN gaseous molecules in
laser-induced plasma [42]. Taken together, this suggests that the SiN®
molecules could serve as nucleation sites for growth via either gas/-
plasma or condensed phase reactions. The low concentration of the SiN®
species can further explain the small concentration of obtained SigNy.

To estimate the characteristic time-scales, computational two-
temperature modeling of femtosecond laser heating of a Si wafer was
performed (see Supplementary Information). For the simulation, a sili-
con wafer of radius 100 pm and thickness 100 pm was used. The laser
parameters, constant material properties, variable material properties
and time steps are provided in Table S2-S5. For each time segment, the
maximum electron temperature, lattice temperature, and charge carrier
density was calculated as a function of time (Fig. S11). The electron
density reaches a saturation point of 5 x 102® m~2 before the peak laser
intensity reached at approximately —240 fs. Initially, the electron tem-
perature rises rapidly and reaches a peak of ~9.2x 10° K at —390 fs
before increasing again to a peak temperature of 7.3 x 107 K at 225 fs.
Similar behavior was observed in the highest fluence (0.015 J /em?) case
of Chen et al., including the initial temperature plateau followed by a
second temperature increase. Finally, the electrons and lattice come into
equilibrium with a temperature of ~1.93x 10° K at 15.9 ps, whereupon
the system gradually cools, eventually reaching a temperature of 12,000
K at 100 ps, and then returns to room temperature (300 K) at 1 ms. The
second laser pulse occurs at 100 ps, suggesting that the system has is still
in a high temperature state between pulses. Additionally, the time range
for chemical reactions occurring in the 1600-2200 K temperature win-
dow does not exceed 570 ps.

In the present study, the formation of SigNy4 inclusions after fs-laser
irradiation was observed. TEM, SAED and EDX analysis reveal that the
crystal structure and elemental composition fit well with those for
a-SigN4 phase (Fig. 6). Hence, the data suggests that the SisN4 phase was
formed at pressures below 20 GPa. The nitride grains were detected in
the area approximately 700 nm below the surface of the specimen at a
boundary between amorphous and crystalline silicon, partially
immersed in both phases. Additional experiments focusing the laser
above and beneath the Si surface were performed. SEM-EDX analysis of
the specimen revealed that the maximum amount of nitrogen in samples
occurred when the laser was focused below the Si surface (Table 1).
These results suggest that while nucleation sites may form in the gas
phase plasma, SigN4 grain growth does not occur in the plasma but
rather due to condensed phase heterogeneous chemical reactions.

The size of the observed grain is approximately 80 nm in diameter
(Fig. 6). Accounting for a reaction time of approximately 570 ps and a

Table 1
EDX results for the nitrogen content as a function of the height of the focused
laser spot.

Ep, pJ Scan AZ, shift of N mass Abs.
Speed. v the focus (%) €error; q,
(mm/s) (mm) (%)
100 1.2 0.00 0.07

0.9 0.00 0.05

0.6 0.00 0.07

200 0.3 0.08 0.03
-0.3 >0.1 N/A

-0.9 >0.1 N/A

40 1.2 0.19 0.03
0.9 0.20 0.07

0.6 1.22 0.07

0.3 0.83 0.05

-0.3 >0.1 N/A

-0.6 >0.1 N/A

22.2 0.6 0.83 0.05
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diffusion length of 700 nm, the diffusion coefficient can be estimated as
roughly Dg~8.6 x 10~® em? s™L. This value is comparable to recently
reported data on the diffusion coefficient of 1.4 x 10~> cm? s™! for ni-
trogen in molten silicon [43]. Thus nitrogen can diffuse in liquid Si for
the distance observed in the experiments, but the estimated time for
Si3gN4 formation (less than 1 ms) is exceptionally low and never reported
before. All of the above suggest that the silicon nitride grains formed due
to chemical reaction between liquid Si and nitrogen. It is worth noting,
that since SizNy4 exists only below the dissociation temperature 2000 K,
atomic nitrogen (N°) is not expected to contribute to the reaction, since
its concentration in the plasma only becomes measurable well above this
temperature (see Fig. S10) [41]. Schematics of the reaction stages are
shown in Fig. S13.

Formation of Amorphous Layers. One possible explanation for the
formation of the amorphous-crystalline layered structure is that these
layers are formed by redeposition of material during the cooling stage.
As the temperature initially decreases rapidly, there is insufficient time
for the redeposited material to form ordered structures, resulting in an
amorphous structure. Once the cooling rate decreases, the deposited
material is able to form a crystalline phase. With each laser pulse,
additional layers can be added, first amorphous and then crystalline.
This can help explain the single amorphous interlayer in the minimal
overlap condition, and multiple layers under the higher overlapped
condition. However, given that the FFT presents a pattern for a single-
crystal, this explanation is unlikely, as the redeposited layers would
likely have different orientations from the initial substrate and would
likely be polycrystalline.

An alternative explanation is the following: the formation of amor-
phous silicon layers, particularly near the outer portion of the gaussian
laser pulse, has been observed in multiple reports [44,45]. Typically,
these layers are formed directly on the surface of the wafer, in contrast to
the present work where the amorphous layers are between crystalline
layers. This difference may be due to the high fluence causing some
material ablation before the amorphization occurs. A pressure/heat
shockwave could then be generated below the initial surface, resulting
in an amorphous layer within the material. As subsequent pulses cause
more ablation, additional amorphous layers can be formed deeper
within the material (see Fig. S14). Since these layers are being formed
within the material, it is expected that the adjacent layers would remain
unchanged (i.e., single-crystalline). It should be noted that the topmost
layer, which contains oxygen and nitrogen, is likely to originate from
redeposition of ablated material. While regions of alternating
crystalline-amorphous layers were observed in both samples, further
work will seek to investigate this phenomenon in more detail.

5. Conclusion

In conclusion, this work presents two significant findings related to
the surface modification of silicon when exposed to fs laser pulses in a
nitrogen atmosphere: (i) the first reported synthesis of SisN4 through
laser irradiation of silicon, and (ii) the formation of alternating
crystalline-amorphous-crystalline layers. We admit that these findings
are only proof-of-concept. However, if such laser-induced modifications
could be harnessed, then they would provide a pathway to controllably
forming SisN4 and amorphous layers for manufacturing of nanoscale
semiconducting materials.
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