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ABSTRACT

Non-vacuum printing of single crystals would be ideal for high performance functional devices
(such as electronics) fabrication, yet challenging for most materials, especially, for inorganic
semiconductors. Currently, the printed films are dominantly in amorphous, polycrystalline or
nanoparticle films. In this article, manufacturing of single-crystal silicon micro/nano island is
attempted. Different from traditional vapor deposition for silicon thin film preparation, silicon
nanoparticle ink was aerosol printed followed by confined laser melting and crystallization
allowing potential fabrication of single-crystal silicon micro/nano islands. It is also shown as-
fabricated Si islands can be transfer printed onto polymer substrates for potential application of
flexible electronics. The additive nature of this technique suggests a scalable and economical

approach for high crystallinity semiconductor printing.
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Direct printing, as a large area and low-cost fabrication technology, has received
increasing interest and become essential for the development of flexible/stretchable electronics'™,

and emerging microelectronics®®.  Various conductive materials (such as metal
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nanoparticles/nanowires”!°, carbon nanotube''"!3, graphene!*!®) and semiconductors (both

16-18

organic'®!® and inorganic!®??) have been printed for electronic components. Among various

applications, single-crystals are highly desired for high performance device fabrication due to

their high mobility?>. Recently, printing single-crystal organic semiconductor?*?’

and organic-
inorganic hybrid perovskites?®?’ have been demonstrated. However, higher performance
inorganic semiconductor (such as Si and Ge) has not been realized to be printed into single-
crystal directly. Indirectly, single-crystal nanowires have been fabricated and transfer printed®*-32,
although controlling location and orientation of nanowire array in a large area is subtle. By now,
inorganic single-crystal semiconductor device fabrication mainly relies on lithographic

33,34

processing®**, and vacuum based vapor-liquid-solid growth approaches®>*. Thus, non-vacuum,

scalable, inexpensive process for single-crystal semiconductors manufacturing is highly desired.

Currently, single-crystal Si is still the most widely used semiconductor in electronic and

37,38 39,40

optoelectronic applications, such as high-performance transistors®’~°, photovoltaics and
photodetector®!, etc. However, its manufacturing largely relies on Czochralski (Cz) growth
method*?. Non-vacuum crystallization of amorphous Si (a-Si) thin film is considered as an
alternative paradigm to fabricate high quality crystalline Si*’. Various energy sources have been
utilized to crystallize amorphous Si thin film, including pulsed and continuous wave (CW)

lasers37,44—50

, electron beam®!, and strip heater™. In order to directly crystallize a-Si film to single-
crystal on amorphous substrates, such as SiO2, it would be preferred that all the materials are

melted to exclude any pre-existed nucleus™; thereby, lead to a scenario where crystal growth



from limited nucleation sites (ideally one nucleation site), which maximizes the crystalline grain
size. Typically, sizes of the islands are several tens of pm in length and width, and <1 pm in
thickness. Such sizes are sufficiently large for preparation of many devices and sufficient small

to ensure single crystalline growth of the islands. Gibbons>> shows 20 umx2 pm Si islands on

amorphous substrate can be laser recrystallized with formation of single-crystalline stripes.
Nanoscale single-crystal fabrication***%>7 has been demonstrated recently in confined domains
on amorphous substrates both theoretically®® and experimentally>*-®%. It is suggested that the
size of single crystal should be correlated with the sizes of laser beams as well as the pulse
duration (scanning speed) used for recrystallization in order to increase the probability of
forming single crystal®®. From previous literatures, three typical confining configurations are

used: (1) Using pre-patterning techniques to confine the Si within a well-defined domain*>®,

41,61

rather than a whole film; (2) confining Si within a capillary or isolating Si as a

53,56,59.

nanopillar ; and (3) embedding or capping Si with silicon oxide layers>®

, which also
depress the dewetting®®’. Generally, confinement provides an effective way to prevent heat
dissipation, modulate cooling rate and prevent dewetting of melted thin films. However, a
straightforward and reusable confining method is needed to simplify the process and lower the
cost. Besides, most of these studies rely on vacuum-based chemical/physical vapor deposition
(CVD/PVD) or electron beam evaporation (EBE) to prepare the thin film, which inevitably
increases the processing and equipment costs. Among various approaches, laser crystallization is
an excellent candidate due to its versatility such as vacuum-free/maskless nature, area-selective
rapid processing, and scalability to large-area manufacturing. The crystallization method for
large area processing can be combined with a direct printing approach for Si film preparation,

which is becoming significant for low cost manufacturing of high performance devices®®"2,



Here, we reported a potential manufacturing scheme for printing single-crystal Si islands
in ambient environment. An industrial viable microscale printing approach, i.e. aerosol printing,
is used to print silicon nanoparticle (NP) patterns on wafer scales. Subsequently, a quartz slide
was employed to densify, planarize and confine the printed Si nanoparticle films. A CW laser
was irradiated through the transparent quartz piece onto the printed Si nanoparticles, where can
be heated, melted and crystallized. The laser melted liquid stripe could break into separated
islands, whose size, spacing and morphology can be dictated by laser scan speed and confining
gaps (the packing density of the nanoparticles). The isolated domains are in microscale range
which contain limited number of nucleation sites facilitating single crystal formation. The
confining surface (e.g. fused quartz) is removed after laser crystallization. To prevent or reduce
the attachment of crystalized structures on quartz, the substrate (e.g. nitride) exhibiting higher
adhesion with Si compared with quartz could be used. The entire process circumvents expensive
equipment (such as CVD or PVD, and photolithography), while maintaining high quality of

crystallized Si, which paves the way toward low-cost high-performance device fabrication.

RESULTS AND DISCUSSION
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Figure 1. (a) Conceptual design of laser direct writing of crystalline nano-ribbon using
confinement. i. Aerosol printing of microscale pattern using Si NPs; ii. Pressing and confined
laser crystallization; iii. Transfer print of fabricated Si to flexible substrate. (b) Representative
photographs and microscope images of printed Si pattern. i. Wafer scale printing; ii. The smallest
continuous line by aerosol printing (c) Representative microscope images of i. laser processed
continuous line; ii. laser processed Si islands after Secco etching.

Figure 1 (a) illustrates the Si ribbon/islands printing process that can be integrated with
flexible substrates. Si patterns were firstly prepared by aerosol printing on Si substrates with 2
pum oxide or nitride films. The aerosol printing generates linewidth down to ~20 um, as shown in
Fig.1b-ii. Printed linewidth is mainly controlled by adjusting printing speed (1-5mm/s, details in

Fig. S2). The Si ink preparation and printing process are described in Methods. A photograph of
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printed Si patterns on wafer scales is displayed in Figure 1(b)-i, which was printed within
minutes. The printed Si patterns exhibiting high porosity and rough surfaces were then pressed
and planarized using a transparent quartz slide (fused quartz, details can be found in Materials
and Methods), as indicated in Figure 1(a)-ii. To ensure uniform pressing and confinement over a
large area, air cushion pressing used in nanoimprinting process is utilized’>. An inflatable airbag
was incorporated in the system with pressure supplied and regulated by a gas cylinder. The
details of the pressing system are described in supplementary materials (Fig. S3). CW laser
irradiates through the quartz slide on the planarized and confined Si patterns to induce melting
and recrystallization (as illustrated in Figure 1(a)-i1). Representative crystallized Si line and
islands were displayed in Figure 1(c). After disassembling, the crystallized Si can be peeled off

(Figure S4) and transferred to the target polymer substrates (Figure 1(a)-iii).
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Figure 2. The influence of pressing-assisted confining on laser melting and crystallization of Si
nanoparticles. (a) Schematic of pressing and corresponding FEM simulation. (b) Printed Si
nanoparticle without pressing (i) Cross-section SEM image of the as printed Si NPs. (i1) Top
view SEM image of the printed Si NPs (low and high magnifications) (iii) Si dewets after laser
processing without confinement. (c) Printed Si nanoparticle after pressing (i) Cross-section SEM
image of the pressed Si NPs. (ii) Top view SEM image of the pressed Si NPs (low and high
magnifications) (iii) Flat Si domains after laser processing with confinement. (d) Optical images
of Si NPs processed with different parameters: (i) confining gap, (ii) printed linewidth, and (iii)
laser scanning speed.

Pressure up to 2.5 MPa has been reported’”® for nanoimprinting by air cushion. Finite

element method (FEM) simulation (Figure 2a) shows that with 1 MPa air cushion pressure, the



pressure applied on aerosol printed lines can reach 10 MPa (assuming 100 um line spacing and
10 um linewidth). It is reported that nanopowders can be dry pressed and cold-welded to green
density (>62%) by 50 MPa uniaxial pressure’*’®. Thus, it is estimated that nanoparticle packing
density reaches >50% with ~1 MPa air cushion pressing. The pressure in the range of 0.68-0.83
MPa are used in current study. Planarization and densification of printed nanoparticles can be
clearly observed in the scanning electron microscope (SEM) cross-sectional view of
nanoparticles before and after pressing. Figure 2 (b-i&ii) shows the as-printed morphology,
where Si nanoparticles are loosely deposited within the printed area, exhibiting high non-
evenness and porosity, with averaged thickness of about 5 um. After pressing (Figure 2c-i&ii),
the nanoparticles become closely packed with thickness ~400 nm to 1 um. A clear reduction of

porosity/thickness and significant improvement of flatness and uniformity are shown from the

above comparison.

Laser is focused and scanned along the length direction of printed ribbons (Figure la-ii)
to induce melting and crystallization. Without the quartz confinement, the melted Si droplets
dewet the Si02/Si substrate and form islands with contact angle in the range ~73° to 100° (Figure
2b-iii). With the confinement, disk-shaped islands with contact angle of ~80-90° were formed
(Figure 2d-iii). The confining quartz largely suppresses the dewetting. Furthermore, it is noticed
that melted ribbons break up into separated islands, with the size, spacing and morphology of the
islands dictated by pressing pressure, laser scan speed and substrate surface properties. By
increasing the pressure, the spacing between islands gradually decreases until a continuous line
was formed. A clear transition from “discrete islands (break-up)” into “continuous line (no
break-up)” can be observed (Figure 2d-i) when the confining gap decreases from ~1 pm to sub-

500 nm. Besides the gap, it is found that the smaller the linewidth is, the more likely islands line



up along the printed trace (Figure 2d-ii) and form a linear array of islands. This indicates the
location and spacing of islands can be controlled by aerosol printing parameters (length and
width of the printed trace). Figure 2d-iii shows that laser scanning speed alters the size and
spacing of the islands. It is found increasing laser scanning speed reduces the size of island and
the spacing between islands. Slower scanning speed provides longer melt duration allowing more
time for melted nanoparticles to coalescence and form large islands. In this study it is found the
scanning speed in 50-70 mm/s and power 25-35 W can fully melt the ribbons and produce large
islands. It is also found the islands tend to form elongated shapes on nitride surface, while on
oxide surface round shaped islands are mostly found (Fig.S5). The difference in island/ribbon
morphology is mainly due to lower contact angle of liquid Si on nitride surface compared with

that on oxide surface.

To shed lights onto the confinement effect on break-up process that determines the island
size, the stability criteria of liquid thin film is re-visited. It is known for a thin, continuous and
confined liquid on a substrate, the stability (no break-up) condition is when the contact angle
between the liquid and bounding surface is < 90° 77"°. The contact angle of liquid Si on SiO2/Si
substrate as observed in Figure 2b-iii satisfies this condition. However, break-up is commonly
observed in current study. Recent Lattice Boltzmann Model shows the balling effect in selective
laser melting (SLM) are strongly influenced by local powder arrangement®®#! It is then believed
that the break-up condition in melted NP ribbons would critically depend on perturbation and
porosity introduced by random particle packing. NP planarization reduces the perturbation and
porosity which suppresses the break-up of melted NP films as observed in Figure 2(d) and Figure
3(a-d). To understand the effect of particle packing density on break-up process, Computational

Fluid Dynamics (CFD) simulation of the evolution of liquid NP film bounded by two surfaces



were performed (details in supplementary materials, Fig.S6). The simulation results suggest that
higher packing density effectively suppresses or delays break-up process and vice versa as

observed in Figure 2d-i.
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Figure 3. Influence of confining gap on the morphology and crystalline structure of annealed Si.
(a) Mode I, continuous long ribbon. (b) Mode II, elongated islands. (c) Mode III, isolated islands.
(d) Mode 1V, single-crystal islands. (i) Schematic draw of melted Si under confinement and
annealed Si thickness; (i1)) SEM image of annealed Si; SEM image of zoomed in Si pattern with
gran boundary revealed by Secco etching (iii) and corresponding EBSD map (iv). Scale bar for
il & iv through (a) to (d) are 10 um. (e) The distribution of grain size and islands size for four
different modes.

Based on this finding, the confining gap was varied to modulate the spacing and size of
islands with laser scanning speed fixed at 70 mm/s. Figure 3 (a-d) shows the SEM morphology
(1&i1) and crystallinity (ii&iv) of the laser crystallized Si islands subjected to various confining
gaps, as indicated by the SEM measured film thickness. To examine the crystallinity of these

ribbons/islands, the Secco etchant was used to reveal the grain boundary in the sample***? and
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then characterized with SEM. With the smallest gap (360 nm), the break-up was largely
suppressed and a continuous long ribbon was obtained (length > 100 pm, width ~10 pm). Grain
boundaries are clearly seen indicating a polycrystal structure. Increasing the gap to 620 nm leads
to elongated islands (length ~20 um, width ~10 pm) that are isolated with no obvious grain
boundaries. Further increasing of the gap left clearly isolated islands (length ~10 pm, width ~10
um), which were dominated by a large grain and some small defects on the edges. At even larger
gap, the large grain almost occupied the entire domain (~5 pumx5 pum) indicating the formation of
single-crystal islands. The crystallinity of these islands were further confirmed via electron
backscattering diffraction (EBSD) mapping, showing good consistance with the Secco etching
results. Statistical analysis of grain size (as measured from EBSD) are presented along with the
distribution of island size in Figure 3(e) for each confining gap. It is found with small gap, the
grain size are largely less than island size while with large gap, grain size starts to overlap with
island size indicating formation of single-crystal islands. Namely, island size can be tuned to
accommodate only one grain, leading to the fabrication of single-crystal island. Further, no
obvious impurity was detected through energy-dispersive X-ray spectroscopy (EDX) in laser
crystallized islands (Fig. S6). Therefore, by tuning the confining gap with air cushion pressure,

Si nanoparticles can be melted and crystallized into single-crystal islands of certain sizes.
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Figure 4. Simulations of CW laser scanning induced melting and crystallization of printed strip.
(a) Schematics of simulation configuration (“+” indicates the temperature probe location). (b)
Temperature evolution measured at the probe location for three cases: 1. with quartz cover and
with SiO2 on the surface (experimental setup). 2. without quartz cover and with SiO2 on the
surface. 3. with quartz cover and without SiO2 on the surface. (c) Laser heating duration at
different laser powers and scanning speeds for case 1 (experimental setup). (d) Modeling results
on probability of single crystal formation obtained with various laser pulse width in various
domain sizes.

To investigate the laser-induced melting and crystallization of Si NPs in the present study,
we combined the macroscale heat transfer model with nanoscale nucleation and crystal growth

model®®

. Firstly, numerical simulations were conducted to estimate the temperature history in a
laser scanning configuration as presented in Figure 4a. Laser heating was modeled as a moving
heat source on Si stripe on substrate. The boundary conditions and the material properties details

of thermal model are provided in supplementary materials. Temperature evolution was probed at

the top of the stripe. With laser scanning speed of 80 mm/s and laser power of 35 W, the heating
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duration is ~1-2 ms with peak temperature increased by introducing a 2 pum thermal oxide layer
(as shown in Figure 4b, Case 1 and 3). In most cases, the peak temperature could not reach the
melting point if the substrate is bare silicon (with native oxide) without thick oxide layer. Low-
thermal-conductivity oxide can make the heat energy accumulated within the silicon stripe
comparing to bare silicon substrate. Potentially, the heat duration can be controlled by the
thickness of oxide layer. The quartz cover is another potential tool to modify the heat duration.
The numerical simulations (Figure 4c) show that with the increase of laser power or decrease of
scanning speed, the heat duration increases in the range of 1 to several milliseconds. The heat
duration is more dependent on the scanning speed than the laser power. The estimated cooling
rates are on the order of 10°-10° K/s. Secondly, a nucleation/crystallization model coupled with
laser heating and surrounding medium cooling was invoked. Laser heating was approximated by
a Gaussian shaped pulsed heating with 1 ms pulse width (in the range of estimated heat duration
from previous heat transfer simulation). Critical parameters used in modeling (chemical potential
Ap, melting temperature 7w, surface properties) were taken from Molecular Dynamics using
Tersoff potential®* (details of the crystallization model in supplementary materials). Various
domain size and laser duration were modeled and the probability of forming single crystal was
plotted in Figure 4d. The modeling results show longer laser pulses greatly increase of the
probability of forming single crystals. For domain size at R=50 um, it is unlikely to obtain 100%
single crystals even with ~ms laser pulse width. For smaller domain size at R=5 pum, using
millisecond laser pulses generally yields single crystals. Since the laser scanning scheme adopted
in present work generates heating profiles similar to ms laser pulse heating (Figure 4c), the
simulation supports experimental results that several-micron-sized single-crystal islands can be

fabricated using the laser scanning approach.
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Figure 5. Transfer of fabricated Si islands. (a) Schematic of detailed transfer procedure. i. As
fabricated Si on wafer with 2 um thermal oxide layer; ii. Under-cut making using HF etching; iii.
Coating of adhesive PVA layer; iv. Flexible substrate attachment; v. Peel off with Si islands on
flexible substrate. Photography and optical image of fabricated Si islands (b) before and (c) after
transfer on flexible substrate.

Finally, attempts were made to transfer print as-fabricated islands onto flexible substrates.
Heterogeneous integration of high-performance semiconductor materials with flexible/polymer
substrates represents a key step towards realizing high-performance integrated electronics.
Transfer printing has been largely employed for integration of pre-fabricated microstructured

silicon ribbons, single-crystal ribbons, and nanowire devices®3*84

onto flexible platform.
However, these devices were dominantly fabricated by IC micro-machining and subtractive

methods on silicon-on-insulator (SOI) or bulk wafers. Current work suggests an additive and

direct printing approach to generate pre-patterned Si islands for transfer printing. The transfer
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printing process is illustrated in Figure 5(a). Firstly, as-fabricated Si islands (on 2 um oxide)
were etched using 5% HF to make under-cut. Then, the sample was thoroughly cleaned with DI
water and dried with nitrogen gas flow. Subsequently, the sample was dried in Ar at 350°C for
30 min to make the SiO2 hydrophobic (allowing detachment of Polyvinyl alcohol (PVA) from
S102/S1 substrate during peeling off step). Then PV A solution was coated as adhesive film on the
sample to be transferred. Receiving substrates (Polyimide) was pressed gently on top of the PVA
allowing fully contact of PVA films with receiving substrate. By peeling off the receiving
substrate, the Si islands were transferred to the receiving substrate. Figure 5 shows linear array of
Si islands after laser crystallization (Figure 5b) and after being transferred to a plastic substrate
(Figure 5c). The successful transferring process of Si can be potentially used for fabricating

flexible thin-film transistor (TFT) arrays after fabrication of electrodes’?-32-34-86,

CONCLUSIONS

In summary, we have demonstrated a potential additive scheme to fabricate single-crystal
Si structures via aerosol printing, planarization and confined laser crystallization. Here, aerosol
printing offers a mask-free, high-efficiency approach for direct Si patterning at microscales. The
confining (and pressing) system significantly planarizes and densifies the printed Si patterns.
Millisecond laser crystallization of the confined Si nanoparticles leads to the formation of single-
crystal islands of ~5pum wide and <Ium thick. Furthermore, the as-fabricated Si islands were

successfully transferred onto flexible substrates.

MATERIALS AND METHODS
Si ink: Different from previous Si printing®!*%, binder-free Si ink was developed here. The Si
nanopowders have an average size of 30 nm, which is provided by Advanced Chemicals

Supplier (purity of >99.99%). Silicon nanopowders were mixed with methanol and ethanol in

15



weight ratio of 1:9:90. Typically, 0.4 g of Si nanopowders, 3.6 g of methanol, and 36 g of
ethanol were used. After mixing, the solution was sonicated for 10 min twice with a 10 min gap
before printing.

Other materials: Quartz slide was purchased from Ted Pella, which is made from high purity
fused quartz (with a nominal softening point of 1683°C). Silicon wafer with 2 um thermal oxide
or nitride was provided by University Wafer. A customized inflatable airbag was bought from
MatJack Inc. to planarize the Si nanoparticles with uniform pressure. More details can be found
in supplementary materials.

Laser Parameters: A single mode ytterbium fiber laser (IPG, 1065 nm, CW, 100 W) was
directed into a galvanometer for high speed (up to 800 mm s') laser sintering. A defocused laser
spot with diameter of ~80 um was selected to cover the whole printed Si line. Typically,
sintering was conducted with laser power of ~35 W and scanning speed of 70 mm/s. The laser
crystallization 1s performed with an in-situ pressing/planarization system (details in
supplementary materials).

Characterization: SEM images and EDX analysis were taken in Hitachi S-4700 or Helios
Nanolab 600. EBSD mapping were conducted in Helios Nanolab 600.

Secco etching: Mixture of HF (48%) and K2Cr207 solution (44 g KoCr207 dissolved in 1 L of
H20, or 0.15 M) in a ratio of 2:1 were prepared as the original etchant. One part of the original
etchant was freshly diluted with 4 parts of distilled water to etch the crystallized Si sample. A
typical moderate etching time of 45 seconds was used®?.

Heat Transfer Simulation

To understand the temperature evolution during CW laser crystallization, a basic heat conduction

finite element analysis (FEA) model was developed to predict the temperature history. The
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simulation dimensions are 600 umx600 umx200 um for the wafer and quartz cover, and 600

umx50 umx0.8 um for the printed Si line. For the wafer with oxide, 2 um SiO2 was used to

replace the top 2 um of the wafer. More details about the modeling can be found in

supplementary materials.
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Figure Caption:

Figure 1. (a) Conceptual design of laser direct writing of crystalline nano-ribbon using
confinement. i. Aerosol printing of microscale pattern using Si NPs; ii. Pressing and confined
laser crystallization; iii. Transfer print of fabricated Si to flexible substrate. (b) Representative
photographs and microscope images of printed Si pattern. i. Wafer scale printing; ii. The smallest
continuous line by aerosol printing (c) Representative microscope images of 1. laser processed
continuous line; ii. laser processed Si islands after Secco etching.

Figure 2. The influence of pressing-assisted confining on laser melting and crystallization of Si
nanoparticles. (a) Schematic of pressing and corresponding FEM simulation. (b) Printed Si
nanoparticle without pressing (i) Cross-section SEM image of the as printed Si NPs. (i1) Top
view SEM image of the printed Si NPs (low and high magnifications) (iii) Si dewets after laser
processing without confinement. (c) Printed Si nanoparticle after pressing (i) Cross-section SEM
image of the pressed Si NPs. (ii) Top view SEM image of the pressed Si NPs (low and high
magnifications) (ii1) Flat Si domains after laser processing with confinement. (d) Optical images
of Si NPs processed with different parameters: (i) confining gap, (i1) printed linewidth, and (iii)
laser scanning speed.
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Figure 3. Influence of confining gap on the morphology and crystalline structure of annealed Si.
(a) Mode I, continuous long ribbon. (b) Mode II, elongated islands. (c) Mode III, isolated islands.
(d) Mode 1V, single-crystal islands. (i) Schematic draw of melted Si under confinement and
annealed Si thickness; (i1)) SEM image of annealed Si; SEM image of zoomed in Si pattern with
gran boundary revealed by Secco etching (iii) and corresponding EBSD map (iv). Scale bar for
iii & iv through (a) to (d) are 10 um. (e) The distribution of grain size and islands size for four
different modes.

Figure 4. Simulations of CW laser scanning induced melting and crystallization of printed strip.
(a) Schematics of simulation configuration (“+” indicates the temperature probe location). (b)
Temperature evolution measured at the probe location for three cases: 1. with quartz cover and
with SiO2 on the surface (experimental setup). 2. without quartz cover and with SiO2 on the
surface. 3. with quartz cover and without SiO2 on the surface. (c) Laser heating duration at
different laser powers and scanning speeds for case 1 (experimental setup). (d) Modeling results
on probability of single crystal formation obtained with various laser pulse width in various
domain sizes.

Figure 5. Transfer of fabricated Si islands. (a) Schematic of detailed transfer procedure. i. As
fabricated Si on wafer with 2 um thermal oxide layer; ii. Under-cut making using HF etching; iii.
Coating of adhesive PVA layer; iv. Flexible substrate attachment; v. Peel off with Si islands on
flexible substrate. Photography and optical image of fabricated Si islands (b) before and (c) after
transfer on flexible substrate.
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