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notoriously difficult. Here we report the gas-phase 2D growth of
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silicon (Si), that is cubic in symmetry, via dendritic growth and an
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Optical Band Gap (
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interdendritic filling mechanism and to form Si nanosheets (SiNSs) of
1to 13 nm in thickness. Thin SiNSs show strong thickness-dependent
photoluminescence in visible range including red, green, and blue (RGB) emissions with the associated band gap energies ranging from 1.6 to 3.2 eV; these
emission energies were greater than those from Si quantum dots (SiQDs) of the similar sizes. We also demonstrated that electrically driven white, as well as

blue, emission in a conventional organic light-emitting diode (OLED) geometry with the SiNS assembly as the active emitting layers. Tunable light emissions

in visible range in our observations suggest practical implications for novel 2D Si nanophotonics.
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ignificant efforts have been made to

grow two-dimensional (2D) nanostruc-

tures of various materials. It is known
that the spontaneous growth of 2D nano-
structures generally requires a layered or
anisotropic crystal structure and is thus
limited in materials such as graphene, h-BN
and MoS,.' 3 The graphene has strong cova-
lent bonds in a layer and weak van der Waals
bonds between layers due to 2D honeycomb
lattice structures bonded with a single layer
of sp>-hybridized carbon atoms.** This an-
isotropic structure leads 2D growth and make
possible to prepare 2D nanostructures.® The
h-BN and MoS, also have the structures
analogues of graphenes,”® and thus various
synthesis methods for graphene, h-BN and
MoS, can be developed, including micro-
mechanical cleavage, epitaxial growth,
chemical vapor deposition, substrate-free
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gas phase synthesis, etc.”'® Meanwhile, 2D
nanostructures of materials such as comple-
mentary metal-oxide-semiconductor (CMOS)-
compatible Si would be advantageous for
many applications. However, Si has isotropic,
cubic structures and, thus, is not expected
to exhibit 2D growth. Recently, chemical
methods using Si-organics or Si-carbon have
been studied for the fabrication of 2D Si
nanostructures.” ™' With these methods,
2D Si hybrid nanostructures composed of
Si-organic materials could be prepared. How-
ever, the free-standing, single-crystal 2D Si
nanostructures that are essential to address
the intrinsic properties of these novel nano-
structures as well as use them as building
blocks for many applications cannot be pre-
pared with the methods. Herein, we report
the controlled growth of free-standing,
single-crystal 2D Si nanostructures, that is,
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of SiNSs with thicknesses as low as 1 nm. These SiNSs
exhibited tunable emissions at visible wavelengths.

RESULTS AND DISCUSSION

We grew SiNSs through chemical vapor deposi-
tion (CVD) using SiCl, as the Si precursor and H, as
the carrier gas.'”” We systematically investigated the
growth behavior of such SiNSs and found that a high
flow rate of H, is essential for the 2D growth. The
supersaturation of the reactant (i.e., the amount of SiCl,
in the H, carrier gas) was another important parameter
for the growth. The growth of the Si crystals as a
function of the two critical parameters (i.e., the flow
rate of H, and SiCl,/H, ratio) is depicted in Figure S1
(Supporting Information). As shown in the figure, par-
ticles of different shapes, quasi-nanosheets with nano-
wires, smooth nanosheets, and surface-roughened
nanosheets grew under different conditions. The opti-
mum conditions for the 2D growth of SiNSs were an H,
flow rate of 2000 to 4000 sccm and a SiCls/H, super-
saturation ratio of 4 x 10> to 1 x 1072,

It was found that the SiNSs grew in three stages
(Figure 1a). The first stage was one-dimensional (1D)
seed growth, that is, the growth of 1D Si nanowires
along the (110) directions; these protruded from
the substrate and were free-standing (Figure 1b). The
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second stage was 2D sheet growth, that is, the branch-
ing of the seed nanowires along the six{110) directions
normal to the [111] direction and the formation of 2D
dendrites, followed by the filling of the spaces between
the dendrites along the side face in the (112) directions
(Figure 1c—f). Finally, the third stage was the thicken-
ing of the SiNSs along the (111) directions. It was
noticed that the widening of the SiNSs by the forma-
tion of dendrites and the filling of the interdendritic
space occurred quickly while the thickening pro-
gressed very slowly. It was also found that there are
no interfacial Si layers between the substrate and
the SiNSs or Si nanoparticles or other Si debris on the
substrates (Figure S2, Supporting Information). High-
resolution transmission electron microscopy (HRTEM)
images showed that all the SiNSs were composed of
single-crystal, pure Si. No defects such as dislocations
or stacking faults were noticed in the HRTEM images
(Figure 1g and Figure S3, Supporting Information). The
crystal structure and growth direction of the SiNSs was
found to cubic structure, and (111) along the thickness
and (110) along the diameter, respectively (Figure S4,
Supporting Information, and Figure 1G).

Taking into account the growth behavior and its
relation to the processing parameters, it is clear that
H, flowing at a high rate suppresses the growth of Si
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Figure 1. Synthesis of thickness-controlled SiNSs. (a) Schematic illustration of the growth mechanism of the SiNSs. (b—f) SEM
images showing the different growth stages of SiNSs. (g) TEM image and SAD pattern (inset) of SiNSs showing single
crystallinity without defects. (h) Average thickness of the SiNSs as a function of the growth time. (i) Average width of the SiNSs

as a function of the growth time.
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in the (111) directions. It is known that H, passivates
the Si surface or causes Si atoms to desorb from the
surface.'®~ ' The passivation process stabilizes the sur-
face by reducing the surface energy. Thus, passivation
and/or desorption will suppress the growth of Si at the
surface. It should be noted that whether passivation
and/or desorption occurs will dependent on the nature
of the surface. In the case of (111) surfaces, the Si atoms
that are adsorbed onto the surface only form a bond
with the Si atoms on the surface and thus can be easily
made to desorb by H,, resulting in the formation of
byproducts (e.g., Si—H—Cl). Meanwhile, the surface is
readily passivated by H,. As a result, it becomes atom-
ically smooth and does not allow Si atoms to be
adsorbed onto it.'® On the other hand, in the case of
(110) surfaces, the adsorbed Si atoms can bond with the
Si atoms beneath the surface as well as those on the
sides of the surface and are thus more stable with
respect to desorption owing to H,. Moreover, the Si
atoms on (110) surfaces act as steps and help the
surface adsorption process (Figure S3, Supporting
Information). A high H, flow rate can further enforce
the passivation and desorption by increasing the num-
ber of effective collisions or impingements of H, mol-
ecules on the surface. This can strongly suppresses
growth in the (111) directions.

The 1D growth of Si nanowires from Si substrates
during the initial seeding stage is of interest because it
occurs without requiring a metal catalyst. The suppres-
sion of crystal growth in the (111) directions and the
thermodynamic stability of the 1D nanostructures that
grow in the (110) directions might be responsible for
the growth of the Si nanowires in the (110) directions
in the absence of a catalyst. The 2D growth in the (110)
directions that follows occurs quickly, owing to the
dendritic branching and the filling of the interdendritic
space, as shown in Figure 1c—e. It is known that low
supersaturation induces diffusion-limited aggregation
(DLA) and leads to dendritic growth in many types
of crystals.?°~#? The supersaturation of SiCl, was low
enough to induce DLA in the case of the Si nanowires
and to lead to dendritic growth. The preferential
dendritic growth along the (110) directions can be
thermodynamically attributed to the minimization of
the total surface energy owing to the exposure of the
(111) plane.*** The subsequent planar filling of the
spaces in the (112) directions in the dendrites and the
formation of sheets can be attributed to the minimiza-
tion of the total surface energy owing to the decrease
in the specific surface area of the dendritic structures.
This filling process can also be attributed to the
selective condensation of vapors on the concave cor-
ner sites between the branches of the networks, where
the chemical potential (i.e., the equilibrium partial
vapor pressure) is lower than that at the flat surface
sites, according to the Gibbs—Thomson relation.? It
should be noted that single crystallinity is maintained
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throughout the growth process, resulting in single-
crystal SiNSs that are free of defects or faults (Figure 1g
and Figure S4, Supporting Information).

We could control the size of the SiNSs. Under low
supersaturation conditions (e.g., for a SiCl,/H; gas ratio
of 5 x 103), the thickening rate in the (111) directions
could be controlled to approximately 1 nm/min, as
shown in Figure 1h. The low supersaturation state
makes the supply of SiCl, the rate-determining step
for the thickening process and allows for the control of
the thickening rate on the basis of the amount of SiCl,
supplied. The average nominal thickness of the SiNSs
could thus be reliably controlled from approximately
1 to 100 nm. Figure 1h also shows that the thickening
rate was different in the two regimes of the growth
process. In the first regime (i.e., for growth times of
up to 30 min), the thickening rate was quite low. It
subsequently increased in the second regime. This may
be due to the faceting of the (111) surfaces during the
second regime. We found that the (111) surfaces of the
SiNSs were smooth in the early stage, but became
slightly faceted in the later stage (Figure S5, Supporting
Information). The existence of such faceted surfaces
could be the reason for the relatively fast thickening
in the second regime. Meanwhile, the widening of
the SiNSs was proportional to the square root of the
growth time. In the low-supersaturation state, the
supply of SiCl, is the rate-limiting step for the widening
process, and therefore, the rate of increase of the
surface area (A) would be constant when the amount
of SiCl, supplied was constant with time. Therefore, the
diameter of the SiNSs was proportional to the square
root of the growth time since A (= wd?/4) o< at, and,
therefore, d o bt'?, where d is the diameter of the
SiNSs, a and b are constants, and t is the growth time.

Interestingly, the SiNSs exhibited tunable emissions
in the visible range. Figure 2 shows the photolumines-
cence (PL) spectra of the SiNSs at room temperature.
The wavelengths of the PL spectra for SiNSs synthe-
sized for different growth times extended over the
visible region, corresponding to violet (385 nm), blue
(430 nm), green/yellow (550 nm), and red (765 nm)
emissions. It is likely that that the thickness of the SiNSs
(see Figure 1) is the reason for the change in the color
of the emissions, because no other significant physical
or chemical changes were observed in the SiNSs with
increases in the growth time. Emissions from pure
Si nanostructures (e.g., Si quantum dots (SiQDs) and
porous Si) originate owing to exitonic recombinations
(i.e., the formation of exitons by the recombination of
electrons in the conduction band and holes in the
valence band). Another reason could be the trapping
of charge carriers at the surfaces followed by their
recombination (i.e., the recombination of electrons and
holes trapped in a surface state).? In the former case,
the wavelengths of the emissions would be affected
by the size of Si nanostructures; in the latter case, they
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Figure 2. Full-color light emission from the SiNSs. (a) Real-
color images of the thickness-controlled SiNSs (emissions
ranging from blue to red) and corresponding PL spectra as a
function of growth time. (b) White-light emission and PL
spectrum of mixed SiNSs.

would not. Therefore, Figure 2 indicates that the exi-
tonic recombinations were the cause of the emissions.
This also explains the maximum half width of the PL
spectrum, shown in Figure 2; it increases as the spec-
trum is red-shifted. As shown in Figure 1, the thickness
distribution of the SiNSs became wider with an increase
in the growth time; this could be the reason for the
widening of the PL spectrum. One exception to this
correlation is the narrow bandwidth observed in the
case of the red emission (wavelength of 765 nm for an
average thickness of 13 & 3 nm), even though the
thickness distribution of the SiNSs in this case was
quite wide. This phenomenon may be attributable to
a decrease in the spectrum intensity at wavelengths
longer than those corresponding to red emissions as
the thickness approaches the threshold value for emis-
sions in the visible range.?’?®

We further characterized the optical properties of
the SiNSs by measuring the photocurrent induced in
individual SiNSs. Unlike SiQDs, the SiNSs were micro-
meter sized in width. Thus, it was possible to fabricate
photocurrent devices with electrodes to determine the
optical properties of the individual SiNSs. Figure 3a
shows the photocurrent measured from the SiNSs.
The SiNSs exhibited a photocurrent response when
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Figure 3. Measurement of light absorption and the optical
band gap energy of the individual SiNSs. (a) Squared
absorption coefficient of the thickness-controlled SiNSs as
a function of the incident photon energy. The inset shows
a photograph of the single-SiNS photodetector device. (b)
Optical band gap of the SiNSs as a function of the thickness
determined from photoluminescence and photocurrent
measurements. The inset shows the optical band gap as a
function of thickness'’.

illuminated with radiation of specific wavelengths.
Therefore, their band gap could be determined as a
function of their thickness. The measurements indicate
that the absorption edge and optical band gap varied
from 1.7 to 2.5 eV for nominal thicknesses of 5 to 9 nm.

Figure 3b plots the optical band gap of the SiNSs as
a function of their thickness as determined from the PL
and photocurrent measurements. The data from the
different measurements matched well; although the PL
data is an ensemble of emissions from many SiNSs,
while the photocurrent data represents the absorption
and current responses of individual SiNSs. It should
be noted that the band gap energies are proportional
to 1/, where t is the thickness (see inset in Figure 3b),
in keeping with the quantum confinement effect.?®
It should also be noted that the variation in the band
gap was quite large. The optical band gaps of SiQDs
and Si nanowires (SiNWs) vary with their surface states
and size distributions, ranging from 1.7 to 2.7 eV for
thicknesses of 1.7 to 4 nm in the case SiQDs and from
3.5 to 1.1 eV for thicknesses of 1 to 7 nm in the case
SiNWs.28730 |n comparison, the SiNSs exhibited a wider
range of band gaps (1.8 to 3.2 eV) for thicknesses
ranging from 2 to 13 nm.
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Figure 4. Characterization of the SiNSs based OLEDs. (a)
Schematic of the hybrid OLED fabricated using the SiNSs as
the active layer. (b) Electroluminescence of mixtures of the
SiNSs synthesized for growth times ranging from 1.5 to
20 min (c) Electroluminescence of the SiNSs synthesized for
a growth time of 5 min.

Figure 2 and Figure 3 show that, when Si grows in
the form of 2D nanostructures, it can exhibit novel
properties that can be exploited for numerous applica-
tions. For example, the unique optical properties of the
synthesized SiNSs making them suitable for Si-based
optoelectronic devices. The emissions from the SiNSs
could be tuned readily in the visible range by altering
the thickness of the SiNSs. This suggests that there
is room for further optical engineering. For instance,
white emissions, which usually require broad-spectrum

MATERIALS AND METHODS

Synthesis of SiNSs. SiNSs were synthesized on a Si substrate
via CVD. The substrates were cleaned using a conventional wet
chemical method to remove any contaminations. The substrates
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radiation similar to that from the sun, could be achieved
simply by mixing and using SiNSs synthesized for
different growth times (i.e, by using SiNSs having
different thicknesses, Figure 2b).

To explore the potential of the SiNSs for use
in Si-based optoelectronic devices, a SiNS-based
organic light emitting diode (OLED) was fabricated.
The device consisted of patterned indium tin oxide
(ITO)/glass, poly(3,4-ethylenedioxythiophene) poly-
(styrenesulfonate) (PEDOT:PSS) as the hole-injection
layer (HIT), poly(4-butylphenyl-diphenyl-amine) (poly-
TPD) as the hole-transporting layer (HTL), and Cs,CO3
QDs as the electron-injection layer (EIL) and the hole-
blocking layer (HBL).?" Figure 4 shows the structure of
the OLED and the resulting electroluminescence (EL)
spectrum. In this structure, the SiNSs were used as the
active layer for light emission (Figure 4a). Figure 4b
shows the EL from the OLED fabricated using SiNSs
synthesized for growth times ranging from 1.5 to 20 min.
The OLED exhibited white emission with peaks at 420,
480, 500, 530, 550, 600, and 615 nm. These wavelengths
were similar to those of the PL emission peaks, demon-
strating that the emission of white EL via the simple
control of the thickness of the SiNSs was possible.
Emissions of other wavelengths could also be achieved
by varying the thickness of the SiNSs. For example, blue
EL could be obtained from an OLED that used SiNSs
synthesized for a growth time of 1.5 min (Figure 4c).

CONCLUSIONS

In summary, we show the growth of free-standing,
single-crystal SiNSs via CVD process. We propose a
mechanism by which the high flow rate of gas sup-
presses the growth in (111) direction and results in
2D nanostructures via dendritic growth and filling
mechanism in {110) direction. The SiNSs show thickness-
dependent photoluminescence in a visible range of
red, green, and blue with corresponding band gap
energies of 1.8 to 3.2 eV, in keeping with the quantum
confinement effect. The growth of the SiNSs demon-
strates the feasibility of synthesizing 2D nanomaterials
from nonlayered, isotropically structured materials.
That the emissions from the SiNSs, whose wave-
length varied as a function of the SiNS thickness,
were tunable highlights the potential of the 2D nano-
structures for use in a range of applications. For instance,
along with their perfect single-crystalline nature, large
surface area, and size tunability, the tunable emissions
exhibited by the SiNSs make the nanostructures attrac-
tive for use in Si-based optoelectronic devices.

were placed in the hot zone of a quartz tube reactor, and the
reactor was heated to 1050 °C, with the atmosphere within the
reactor of Hy; the flow rates were 200 to 5000 sccm, respectively.
Silicon chloride (SiCl,, 99.999%, Aldrich) was then bubbled into
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the reactor using H, as the carrier gas at a flow rate of 1 to
50 sccm. These conditions were maintained for 1 to 120 min, and
then the reactor was allowed to cool to room temperature

Characterization of the SiNSs. The morphologies of the SiNSs
were observed using field emission scanning electron micro-
scopy (FESEM, Hitachi 3000). The width of SiNSs was determined
by observation of SiNSs grown on the substrates using SEM.
The average of width was determined from more than hundred
SiNSs. The thickness of SiNSs was determined by atomic force
microscopy (AFM, Park system XE-100) that were dispersed on
the substrates (Figure S8, Supporting Information). The average
thickness was determined from at least 20 SiNSs. The structural
characteristics were investigated using transmission electron
microscopy (TEM, JEOL 7100, 200 keV). The PL spectra were
measured for the as-grown SiNSs and the dispersed SiNSs in
ethanol, respectively, using a He—Cd laser with a power of 3 mW
and an excitation wavelength of 325 nm. The photocurrent
from a single SiNS was measured at room temperature. And the
thickness of single SiNS was determined by AFM (Figure S8f,
Supporting Information). The photodetector was fabricated on
a SiO, (100 nm)/p+ SiO, wafer and had Ti (20 nm)/Au (100 nm)
ohmic contacts. Electron beam (e-beam) lithography and lift-off
techniques were employed to fabricate the photodetector. The
absorption coefficient (o)) and the optical band gap £, for the
single SiNS based on the measured photocurrent were deter-
mined using the following equation:

o= —In(1 - 1240’—?>l [em '], ahv o< (hv — Ey)"
AJw

Here, R (= I,n/Pp,) is the responsivity of a SiNS; 4 is the laser
wavelength; w is the SiNS thickness; and n is 1/2 for a direct
transition and 2 for an indirect transition. The optical band gap
of the SiNS for a direct transition and for an indirect transition,
E4 and E;, was determined by plotting (ahv)? and (ahv)'?,
respectively, versus the photon energy. And, in case of photo-
luminescence, optical band gap of SiNSs were calculated using
Eg (in eV) = hc/A = 1.24/A.

Fabrication of a SiNS-Based OLED. A SiNSs-based OLED with a
multilayered p-i-n structure was assembled layer-by-layer using
the spin coating method. A layer of patterned ITO/glass was
used as the anode. A solution of the polymer PEDOT:PSS in
isopropyl alcohol solution was spun, and the layer used as the
HIT; the spun layer was annealed at 100 °C for 30 min. A solution
of the polymer poly-TPD in chlorobenzene was spun to form the
HTL; the layer was annealed for 20 min at 120 °C. A dispersion
of the SiNSs in ethanol was spun to form the active layer, which
was annealed at 120 °C for 20 min. A solution of Cs,COs in
2-ethoxyethanol was spun to form the EIL and the HBL; these
layers were annealed at 90 °C for 10 min. Aluminum to form the
cathode was deposited by thermal evaporation.
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