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ABSTRACT: Nanosheets of silicene, a 2D material made of silicon atoms, have z OFF
great potential for use in next-generation electronic and optoelectronic devices Light & | Photoresponse | ON
due to their unique properties. However, issues in the large-scale production of 9 %
silicene nanosheets and in their degradation still present challenges for these 7 7/ 5
applications. Here, we report a method to obtain large quantities of single to few- E/ y 2
layer thick silicene/silicene oxide (“Si nanosheets”) from calcium disilicide — 5
(CaSi,). We also show that the silicene nanosheets experience oxidation in air and 3

. iy ; . . Photodetector O
are highly oxidized after 12 weeks of storage. Density functional theory studies 0 %0 (13)0 150

ime (s

were performed and provide a detailed understanding of this oxidation. Silicene/
silicene oxide nanosheet-based photodetector devices were also fabricated for the
first time. They show a broadband response in the visible spectral range with outstanding responsivity (14.3 A/W), detectivity (3 X
10'° Jones), and external quantum efficiency (44.6%), demonstrating the promising applications of this material for optoelectronic
devices.
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1. INTRODUCTION production of silicene is the removal of Ca or Mg from
Since the discovery of graphene by Novoselov in 2004, 2D exfoliated calcium disilicidez4(CaSi2) or MgSi, structures,
materials have attracted much attention from the scientific leaving behind silicene layers ™ There is still inconsistency in
community, expanding to a diverse range of material systems, the literature regarding the naming of the products formed by
such as graphene oxide,” transition-metal dichalcogenides,” the removal of Ca species from CaSi, using aqueous HCL
germanene,” and silicene.® In comparison to their bulk These products have been referred to as Wohler siloxene (H
counterparts, the 2D form of these materials has outstanding termination on one side of the sheet and OH on another),
optical and electronic properties along with very large surface Kautsky siloxene (SigHg rings with oxo bridges), 2D silicon

areas. These unique properties have potential applications in a
. . . 7
wide Varlest)gf of ﬁ'elci(s) such as photovoltaics, batﬁrlyzr oxide sheets by various groups.
technology,”” catalysis, = and sensing and photodetectors.” . L . e
o ! B i The interconnected Sis rings in silicene layers form
Silicon is a key material in semiconductor technology. The
corresponding 2D material of silicon is silicene, similar to the
naming convention of graphene as the 2D form of graphite.
Silicene lacks planarity with regard to sheet geometry due to

sheets either terminated by H or OH groups, or 2D silicon

hexagonal 2D silicon sheets. Since the silicene layers are very
air-sensitive, several methods have been proposed to stabilize
them. One of the most common methods is chemical

the sp?/sp® mixed hybridization, resulting in a buckled functionalization that stabilizes the silicene surface with
conformation,"® and is therefore unstable. Silicene can be organic surface modification reactions such as hydrosilylation,
produced by epitaxial growth on substrates such as Ag(111), amine-containing condensation reactions, or Grignard reac-
Ag(11/0), Ag(001), Ir(111), Au(110), as well as on other tions (e.g, phenyl magnesium bromide).***® However, this
surfaces such as ZrBrB,'*™"” Such growth techniques require chemical functionalization can dramatically change the optical
very complex and expensivewljlzlgl;az};igh vacuum systems, and the and electronic properties of silicene. For this reason, we

yields are extremely low. In addition to the small
quantity produced by epitaxial methods, hybridization of the
substrate (such as Ag or Si) makes it very difficult to modulate
the Fermi level in silicene due to the formation of a metallic
band caused by hybridization at the interface.”® As such,
silicene synthesis in large quantities is still challenging and
presents questions for the scalability of production in the
future. Chemical routes offer a solution to this scalability
problem. One of the most common methods for the large-scale

protect the silicene layers with a thin film of Al,O5 deposited
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by atomic layer deposition (ALD), which has previously been
used for the protection of 2D materials.”’

It is generally accepted in the scientific literature that
tunneling heterostructures provide a versatile architecture for
photodetection, advanced optical sensitivity, and well-balanced
photoelectric performance.”® Photodetectors based on 2D
materials such as graphene, BO, WS,, Mo, Te,, ZnS, and so on
have been reported.”” Currently, 2D materials for photo-
detector applications are categorized as either zero, narrow,
middle, or wide band gap semiconductors. Due to the unique
properties and versatility of silicene, we investigated the
performance of a silicene-based photodetector, which is a
narrow band gap semiconductor.

In this study, we report on the synthesis of single layer, few
layer, and multilayers of silicene and silicene oxides (“Si
nanosheets”) by calcium removal from CaSi, and their
applications in broadband photodetectors. We also probed
the stability of this material in air and with a 15 nm-thick
protective layer of AlL,O; deposited by ALD using Raman
spectroscopy. The experimental results were interpreted with
assistance from computational simulations. For the first time,
we fabricated a broadband (400—808 nm) photodetector
based on silicene, which showcases outstanding performance in
terms of responsivity, detectivity, and external quantum
efficiency, demonstrating the promising potential of silicene/
silicene oxide in optoelectronic devices.

2. RESULTS AND DISCUSSION

Silicene/silicene oxide layers were fabricated through the
removal of calcium ions from CaSi, as shown in Figure 1. The
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Figure 1. Diagram for the fabrication of silicene/silicene oxide layers
from CaSi,.

starting material, CaSi,, was chosen because it has a layered
structure with alternating layers of silicon and calcium. The
removal of Ca®* can be achieved simply by immersing the
material in concentrated HCI, which leads to a multilayer
(ML) structure.’®*' A sonication process followed by
centrifugation is necessary to obtain a single layer or few
layers of silicene/silicene oxide by separating them from the
ML structures in the supernatant. With this process, converting
CaSi, to Si MLs results in an ~96% yield, followed by a 3%
yield for the transformation of Si MLs to silicene/silicene
oxide. However, this latter yield can be increased if the
precipitate is sonicated again followed by recollection of the
supernatant. The materials obtained are mostly silicene layers
though some oxidation has occurred during the process.
Figure 2 shows the scanning electron microscopy (SEM)
images of CaSi, and of the products collected after each step of
the silicene fabrication process. Figure 2a reveals the layered
structure of the raw CaSi,, and Figure 2b shows the ML
silicene/silicene oxide structure after Ca removal. In order to
verify that calcium was completely removed from CaSi, in the
silicene product, energy-dispersive X-ray mapping (EDX) for
both CaSi, and ML silicene/silicene oxide was performed
using a transmission electron microscope (TEM) (Supporting
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Information, Figure S1). The EDX—TEM map of CaSi, shows
very strong signals from calcium and silicon with a
composition of 31 atom % for Ca and 63 atom % for Si,
which is very close to the expected stoichiometry of CaSi,. The
EDX—TEM mapping of the ML silicene shows no Ca signal,
indicating that Ca has been completely removed. The high-
resolution TEM (HRTEM) image for CaSi, (Supporting
Information, Figure S2) shows a spacing of d = 0.248 nm,
which is consistent with the previously reported results for
silicene sheets in CaSi,.””*® To assess the quality of our
starting material, X-ray diffraction (XRD) was performed on
CaSi, (Supporting Information, Figure S3). The XRD pattern
shows the characteristic sharp peaks for CaSi, in agreement
with the JCPDS card no: 75-2192.°%%

Figure 2d,g shows the TEM images of CaSi,, while Figure
2¢,h shows the TEM images of ML silicene. From the cross-
sectional image for CaSi, (Figure 2g), one can see that the
layers in CaSi, are very closely packed, making it impossible to
resolve the different layers of Si and Ca. Conversely, the cross-
sectional TEM image of ML silicene (Figure 2h) shows well-
defined MLs of the silicene sheets. The SEM and TEM images
of a few layers of silicene/silicene oxide after the tip sonication
treatment are shown in Figure 2¢fji, with the corresponding
higher magnification TEM images shown in Figure S4 in the
Supporting Information. HRTEM images (with the corre-
sponding FFTs) were recorded for silicene (Supporting
Information, Figure S5) where a lattice spacing of d = 0.21
nm is shown. This spacing is consistent with the reported
values for silicene*****” and is different from the value for bulk
silicon (a diamond-type structure), which has a spacing of d =
0.31 nm.*®

Atomic force microscopy (AFM) characterization was
conducted for the silicene/silicene oxide samples (Figure 3).
As shown in Figure 3a, the ML silicene/silicene oxide is very
thick (thickness > 100 nm) and has a staircase morphology
indicative of a layered structure. Figure 3b,c shows the final
product of the few-layer and single-layer silicene/silicene oxide
with thicknesses of 2.5 and 0.8 nm, respectively, which is in
agreement with the literature for few-layer and monolayer
silicene.>®*”%

Raman spectroscopy was used to analyze CaSi, and the
silicene products. The Raman spectrum of a Si wafer is used as
a reference as shown in Figure S6 in the Supporting
Information. Figure 4 shows the Raman peaks of raw CaSi,
which are located at 336 cm™ (Ca—Si), 382 cm™ (Si—Si), and
408 cm™ (Ca—Si). The silicene sample has Raman modes at
380 cm™' (2D silicon planes), 495 cm™ (2D Sig rings) with a
weak shoulder at 517 cm™ (associated with defects or D
peak),*® 632 cm™! (SiH,,), and 732 cm™' (SiH).*' We found
that our silicene sample consists of a buckled Si monolayer that
is mostly monohydride terminated, resembling silicon, which is
consistent with the literature.***'

The degradation of silicene/silicene oxide over time was
studied by Raman spectroscopy, as shown in Figure Sa. The
Raman spectra were recorded for silicene samples of varying
age, ranging from freshly prepared to 12 weeks old. The
intensity (Igs) of the Raman peak at 495 cm™" (corresponding
to the Sis rings) decreased over time, while the intensity (Ip,)
of the Raman peak at 517 cm™ (associated with defects)
increased over time. After 6 weeks, most of the Si—H bonds in
the Sig rings were no longer present. After 9 weeks, the ratio
saturated and the Raman peak at 495 cm™" vanished along with
a very strong defect peak at 517 cm™". The silicene sample was
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Figure 2. SEM images of (a) CaSi,, (b) ML silicene/silicene oxide, and (c) few-layer silicene/silicene oxide layers. TEM images of (d and g) CaSi,,
(e and h) ML silicene/silicene oxide, and (f and i) few- or single-layer silicene/silicene oxide.

completely oxidized by 9—12 weeks, which indicates that
silicene is sensitive to ambient conditions and tends to oxidize
in air. Due to this sensitivity, we coated silicene with a thin
layer of AL,O; in an attempt to insulate it from ambient air. In
order to study the effectiveness of this protective Al,O; layer,
an annealing experiment was performed with a bare and coated
silicene sample. Annealing was performed in air at temper-
atures of 50 and 100 °C for 45 min. Figure S10 in the
Supporting Information shows the Raman spectra of a silicene
sample without the A,O; (Figure S10a) coating and one with
the coating (Figure S10b). Figure S10a shows that the bare
sample has peaks consistent with natural silicene degradation
in air, where the D peak is more dominant at 100 °C versus
room temperature. This suggests that the annealed sample has
a similar oxidation mechanism compared with the as-prepared
sample oxidized under ambient conditions. Figure S10b,
however, shows no major change in the Raman spectra of
the coated sample even after it was annealed at 100 °C.

XPS (in high-resolution mode for Si 2p) was used to
investigate the oxidation states of silicon in the silicene-
containing samples during the degradation process. Figure Sb
shows peaks at 99.6 and 100.4 eV, corresponding to Si 2p,,,
and Si 2p; ,, respectively, and oxidized Si peaks at 101.9, 102.6,
and 103.7 eV (for Si**, Si**, and Si*', respectively). For the
fresh and 3-week old samples, the Si’ peak is clearly visible.
The oxidized Si peak observed in the XPS spectra of the fresh
sample is not surprising because the sample had been exposed
to air before the XPS measurement. The peak from Si°
gradually decreases over time and eventually vanishes after
12 weeks, while the Si** and Si** peaks are found to become
more pronounced over time. In order to investigate the
suboxide states, spectral deconvolution was performed using a
Gaussian—Lorentzian function. By calculating the individual
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suboxide (I,,) contributions, where I, is expressed by the ratio
of the integrated area under its peak to the overall area, we
calculate the overall oxide intensity Iy = Ig0, + Isposz +
Igo ™™ and obtained I, values of 0.54, 0.71, 0.87, 0.94, and 1
for 0, 3, 6, 9, and 12 weeks, respectively. The XPS data indicate
that the fresh sample is slightly oxidized due to air exposure,
and the aged sample for 12 weeks is completely oxidized,
which is consistent with the Raman measurements (Figure Sa).
It should be pointed out that the oxidation of silicene did not
change the morphology of the 2D layers as shown by the TEM
images in Figure S7 in the Supporting Information for silicene
aged for 12 weeks.

Computed Raman spectra were obtained to compare with
the experiments to better understand the oxidation process.
The calculations were carried out using a 4 X 5 supercell of
silicene. The degradation of silicene over time was modeled
with several configurations, for example, adsorption of O atoms
in random positions or O atoms for Si substitution. All these
configurations were relaxed in a geometry optimization
process, and then the Raman spectrum was obtained. Of all
the configurations used, we only present geometries which
closely match the experimental data (the details of which can
be found in the Supporting Information). The other oxidation
sites are considered less likely to be present under our
experimental conditions. Figure 6 shows the calculated Raman
spectra along with their corresponding atomic configurations.
The atomic configurations show that the oxygen atoms are in a
bridge-site environment, meaning that the oxygen atoms were
placed over Si—Si bonds. More configurations of silicene with
oxygen atoms are shown in Figure S8 in the Supporting
Information along with explanations. For fresh silicene
samples, the main peak appears at ~495 cm™' in the
experiment and at 499.865 cm™' by theory. The percentage

https://doi.org/10.1021/acsanm.2c00337
ACS Appl. Nano Mater. 2022, 5, 4325—4335


https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsanm.2c00337/suppl_file/an2c00337_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00337?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00337?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00337?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsanm.2c00337?fig=fig2&ref=pdf
www.acsanm.org?ref=pdf
https://doi.org/10.1021/acsanm.2c00337?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

ACS Applied Nano Materials

www.acsanm.org

200
a
1504
€
£
£ 100
R
(0]
T
50+
0 . . .
0.5 1.0 15
Distance (um)
b7
6nm
6_
£
0nm
£ 4.
=
ey
D2 4] 2.7 nm
() 2.3 nm 200 nm
T
2_
1 <
0 100 200 300 400
Distance (nm)
40
C
3.5 1.5nm
3.0
€ 254
S
E 2.0 0nm
2
O 1.5 I
T 200 nm
104 0.8 nm P
0-5-\// J\_/
0 100 200 300 400 500

Distance (nm)

Figure 3. AFM images of silicene/silicene oxide: (a) ML, (b) few
layer, and (c) single layer. The horizontal lines in a, b, and c indicate
the thickness of multiple, few-layer, and single-layer silicene.
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Figure 4. Raman spectra of CaSi, and silicene products.

error is 0.98%, reflecting the fact that the fresh silicene sample
is relatively pure and closely matches the Raman spectrum of
pristine silicene.
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As soon as the oxygen atoms are introduced in the system,
the D peak becomes more perceptible. This D peak occurs due
to the in-plane vibrations, breathing modes, of the Sig rings and
the oxygen atoms. The experimental spectrum at 3 weeks of
aging closely matches with the computed spectrum of two
oxygen atoms in opposite positions in the sample, giving an
oxygen concentration of 4.76%. For the 6-week aged spectrum,
a configuration of four oxygen atoms was obtained, two on
each side, presenting a proportion of 9.09% oxygen. The 12-
weeks Raman spectrum could be simulated by a configuration
of eight oxygen atoms placed on the silicon sheet. By
increasing the oxygen atoms, the intensity of the shoulder
peak is enhanced. The oxygen atoms are arranged in parallel
positions in the bridge site with 16.67% of the oxygen on the
sample. This shows that silicon—oxygen interactions are
predominant for these longer-aged materials. Between pristine
silicene and silicene aged for 12 weeks, the D peak translates
along the x-axis by 28 cm™, as is expected. The orange lines in
Figure 6 mark the D peak position.

The increase in the D peak intensity corresponds to an
increase in the oxygen concentration, and so it can be
concluded that the D peak is activated due to the presence of
defects, as expected.44 In samples with more defects induced
by the oxygen atoms, the total momentum conservation is
satisfied because one-phonon defect-assisted processes affect
the D peak production and make this stand out. The other
peaks are attenuated such that they are not noticeable. Another
exciting observation in the fresh and 3-week-old silicene
samples is that the D peak has two components, separated by
4.37 cm™', which is much smaller than expected if a
comparison is made with graphene. These two components
are almost indistinguishable, together looking like a single
broad peak (Figure 6). These two components are produced
because the electron and hole momenta have different
magnitudes because they occur from intervalley scattering.
This intervalley scattering appears because the electron and
hole have different momenta and one or both may experience a
momentum change during Raman scattering. When oxidation
occurs, the intervalley scattering with different momenta is
eliminated, and the D peak is visibly narrower without the
double component.**

As previously mentioned, oxygen atoms were introduced in
various configurations (Supporting Information, Figure S8 and
Table S1) by either substituting Si atoms for O atoms, cluster
adsorption, or by placing oxygen atoms in random positions.
The most stable configurations are the systems that have the
oxygen atoms in random positions. These also happen to be
the configurations that best match the experimental results.
This means that the Si—O bonds are more significant than the
O—0O bonds. The adsorption energies of silicene—0,,
silicene—O,, and silicene—Og are 1.24, 1.16, and 1.080 eV,
respectively, showing a decrease in the adsorption energy as
the concentration of oxygen increases. From the magnitudes of
these energies, it can be deduced that the bonding is due to
dipole attraction between molecules without becoming a van
der Waals interaction or a covalent bond. On the other hand,
Si—O bonds are still more significant than Si—Si bonds,
demonstrated by the fact that the introduction of oxygen
atoms causes the planar structure of silicene to be lost. The
surface of the silicene layer bends due to the adsorption of
oxygen atoms so that as the sample ages, a significant beak in
symmetry occurs in the silicene lattice.
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double component on the D peak are also shown. The cones represent electron dispersion and the green triangles are the occupied states.

Covalent functionalization, noncovalent functionalization,
and elemental doping are three methods used to functionalize
two-dimensional materials such as graphene and silicene.
These functionalization methods have been shown to be
effective at controlling of the quantity and quality of oxidation
in graphene, and as such, we explored them for silicene
surfaces.”® Also, it is known that the oxidation of silicene
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samples starts after 3 min of exposure to air.** By the
procedure in which we obtained our samples, from the
adsorption energies, and chemical bonding, it can be seen that
this functionalization is primarily due to doping. To ensure the
above and to better understand how this oxidation occurs, a
DOS and PDOS analysis was carried out. It is known that the
DOS and PDOS of two-dimensional surfaces give information
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about how the charge is transported between the dopant or
adsorbate with a two-dimensional surface and how the binding
occurs.”” PDOS indicates the orbital contribution of each atom
to the total DOS. The DOS of the pristine silicene, silicene—
O,, silicene—0O,, and silicene—Oyg is shown in Figure 7. The
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Figure 7. Total density of states (DOS) of silicene and partial density
of states (PDOS) of the oxygen atoms absorbed by the silicene sheet.
(a) The DOS of silicene with two oxygen atoms adsorbed, (b) with
four oxygen atoms adsorbed, and (c) with eight oxygen atoms
absorbed. In all cases, the DOS of pristine silicene is shown in black to
better illustrate the effect of degradation.

DOS of pristine silicene (black line) has been placed against
the DOS of silicene with oxygen atoms to observe the effect of
the degradation process at an electronic level. The 2p electrons
of oxygen atoms are shown in brown to analyze their effects in
the total DOS spectrum. The electrons in the 2s levels are not
shown because they do not affect the electronic behavior. Also,
the total DOS is represented and not separated by spins up and
down since these spectra are identical. No magnetization is
shown in the system. The DOS of the pristine silicene shows
an analogous behavior to pristine graphene, with a Dirac cone
associated with the Fermi level. After oxygen adsorption, it is
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noticed that the 2p electrons contribute to the occupied states
in the neighborhood of the Fermi energy (Eg), improving the
semiconductor behavior. Likewise, as the oxygen atoms are
introduced to silicene, the electronic band gap is modified. The
band gap for silicene, silicene—0,, silicene—O,, and silicene—
Oy are 0.0011, 0.1971, 0.102, and 1.1056 eV, respectively. As
the samples become oxidized, the band gap shows a tendency
to increase slightly. Therefore, silicene oxide remains a narrow
band gap material. UV—vis spectroscopy measurements show
that silicene exhibits a quick increase of absorption in the short
wavelength (Supporting Information, Figure S9). This
absorption is directly associated with the responsivity quantum
efficiency of photodetectors as discussed in the next few
paragraphs.

DOS analysis is a valuable tool used to understand the
charge transfer mechanism in the bonding which occurs during
the oxidation process. The difference in Fermi energies
between pristine silicene and silicene—O, gives quantitative
information on how charge transfer occurs. The Eg values are
—2.96, —1.99, —1.31, and —0.95 eV for pristine silicene,
silicene—0,, silicene—0,, and silicene—Oy, respectively, which
result in Fermi energies differences (AEg) of —0.97, —1.65,
and —2.01 eV for silicene—0,, silicene—0O,, and silicene—QOs.
This shows that the charge goes from the oxygen atoms to the
silicene surface, making the silicene surface negatively charged
and more attractive to other possible dopants as would be the
case with more oxygen atoms. Figure 7 clearly shows the
oxygen atoms affecting the Fermi energy, causing more states
to be available to form a bond, which is weak. Therefore, since
the oxygen states actively affect the Fermi energy of the
systems, we conclude that the oxidation mechanism is
elemental doping, which agrees with the minimum energy
structures, the adsorption energies, and the experimental
results.

A broadband photodetector device was fabricated with an
interdigitated gold electrode on a silicon wafer with a thin SiO,
layer. The separation between the gold electrodes (channel
length) is 3 um. Silicene was deposited on this electrode via
the drop-casting method. In order to protect the sample from
degradation, 15 nm of aluminum oxide (Al,O;) was deposited
on top of the silicene layer at 150 °C using an ALD system.
More details can be found in the Experimental Section. This
coating provides good protection for silicene against
degradation. Figure 8a shows a schematic diagram of the
photodetector device. The inset of Figure 8a is an optical
image of silicene deposited between the interdigitated gold
electrodes. The thickness of silicene was determined by AFM
and was found to be 2.5 nm. In general, the excitons in silicene
can be generated under light illumination. The electron—hole
pairs may be dissociated under an applied bias due to the
defect-related trap states in silicene. The holes and electrons
are then expected to move to the cathode and anode,
respectively, generating a photocurrent.

Figure 8b shows the semilogarithmic current density versus
voltage (J—V) curve of the device in the dark and under 404
nm excitation with voltage sweeping from —2 to 2 V. The dark
J—V curve shows the presence of a dark leakage current of 30
mA/cm? at a voltage of 2 V. Under an illumination power of 20
mW, the photogenerated current reaches 100 mA/ cm?, which
is about 30 times higher than the dark current. The device was
tested with 404 nm illumination at different powers ranging
from 1 to 50 mW. Figure 8c shows the current responses to the
ON/OFF state of light illumination at different laser powers.
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Figure 8. (a) Schematic diagram of the photodetector device structure consisting of a silicene layer between interdigitated electrodes with light
from the top. The inset shows a photograph of the device taken under an optical microscope (scale bar: S ym); (b) semilogarithmic J—V plot of the
device in the dark and under 404 nm light illumination; (c) ON—OFF responses of the photodetector to different laser powers of 404 nm. The
inset is a curve of current density versus laser power; (d) ON—OFF responses to different laser wavelengths; (e) responsivity versus wavelength;

and (f) external quantum efficiency (EQE) versus wavelength.

The device shows stable oscillations with consistent currents at
each laser power. When the laser power was reset back to 1, 10,
and 50 mW, the photocurrents repeated their patterns of
oscillations. The inset of Figure 8c shows photocurrent as a
function of illumination power. One can see that a linear
relationship is obtained between current and light power when
the power is below 30 mW. Above this power, a nonlinear
behavior is observed. The increase in photocurrent tends to
become slower at high power due to a saturation process.
Figure 8d shows the photocurrent response to light
illumination of different wavelengths. The device shows similar
current oscillations with different wavelengths; however, the
short wavelength illumination causes relatively larger photo-
currents. This is likely related to the wavelength-dependent
absorption of silicene. As shown in Figure S9 of the Supporting
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Information, silicene has broad absorption which provides the
observed photoresponse in a wide range of the spectrum.
There are three main parameters that are used to evaluate
the performance of photodetectors: responsivity (R), detec-
tivity (D), and EQE. The details on the definition of these
quantities are provided in Supplemental Note 1.** Figure 8e
shows the responsivity of the silicene photodetector as a
function of wavelength. It shows that the responsivity increases
continuously as the light wavelength decreases from 800 nm
(10 A/W) down to 404 nm (14.5 A/W). The responsivity is
very high compared to other silicon-based nanomaterials as
illustrated in Table 1. Figure 8f shows the EQE of the silicene
photodetector as a function of wavelength. Again, the EQE
value is found to increase as the wavelength decreases from
800 nm (15%) down to 404 nm (45%). This significant
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Table 1. Comparison Table of Photodetectors with Other Materials

material detection range responsivity (A/W)
graphene 457—785 nm 4x 107
N-graphene QDs 300—1000 nm 325

GaTe 254—710 nm 274.3

GaSe 254—700 nm 2.8

GaS 254—610 nm 5.06 x 107*
SisN, film uv 0325

MoS, 380—700 nm 0.57

silicon nanoparticles 200—600 nm 0.75

silicon nanowire 632 nm 0.067
silicon nanowires near IR 0.386
pSi—graphene 400—500 nm 0.2

Si NS in a polymer matrix uv

[SigH,Ph,] sheets vis

silicene/silicene oxide few layers 400—808 nm 14.53

detectivity (Jones) EQE (%) response time ref
53
S0s, 10 s 54
SS
1367 20 ms 56
57
3.07 1935, 1.8 s 58
70—110 us 59
~10" 60
52 % 10° 13.24 61
62
3 us 63
49
39
3.01 x 10'° 44.61 165, 14 this work

increase is likely associated with the intrinsic absorption of
silicene as shown in Figure S9 in the Supporting Information.

There is very limited literature on silicene photodetectors.
Lugli and his group reported photodetectors using 2D silicon
sheet composites, which were made by mixing 2D silicon
sheets with tert-butyl methacrylate on gold electrodes. They
observed a photoresponse but did not provide the values of R,
D, or EQE.* Nakano and co-workers reported 2D silicon
sheets of organosilicon functionalized with phenyl groups and
showed a photoresponse in a photoelectrochemical cell. Again
they did not report the R, D, and EQE values.*® Table 1 lists
the performance of several silicon nanomaterial-based photo-
detectors, including silicon nanoparticles, nanowires, Si—
graphene mixture, and silicon nanosheets in a polymer matrix.
Most of the other silicon materials show low responsivity. The
silicon nanoparticles have a broad band response and very high
detectivity, but the EQE value is not available. Kharadi et al.
laid the foundations of a silicene photodetector based on a
computational approach and designed a photodetector with
silicene nanoribbons functionalized with Li and Cl Their
device structure has infinite silicene electrodes with the silicene
nanoribbons functionalized with Li and Cl. They calculated the
detectivity value in the order of 102 under 0.09 mW/nm?
illumination at 1100 nm. This showed that silicene is an
excellent candidate for photodetectors due to the excellent
performance compared to photodetectors made using other
2D materials.’® However, our study provides the first
experimental demonstration that silicene photodetectors have
an excellent performance. The degradation of silicene is
expected to change the device performance. This was
demonstrated by annealing the devices in air to induce
oxidation of silicene. Figure S11 in the Supporting Information
shows a comparison of the photoresponses from the as-
prepared and annealed silicene photodetector at 50 and 100
°C.

As is well known, the photoresponse time is an important
parameter for a photodetector. The dynamic rise and decay is
expected to follow the equations I = Ij(1 — e*) and I = I e",
where ¢, and #; are time constants for the rise and decay
processes, respectively.“’52 Figure S12 in the Supporting
Information shows the experimental data from the photo-
detector device and the corresponding fittings using these
exponential functions. The time constants, ¢, and #; were found
to be 1.6 and 1.4 s, respectively.
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As shown in Table 1, the silicene-based devices based on this
study show a wide detection range, very high responsivity, high
detectivity, and high quantum efliciency and moderate
response time. The responsivity of silicene is about 20 times
higher than silicon nanoparticles and more than 200 times
higher than silicon nanowires in the visible range. Its EQE is
four times higher than the available value for silicon nanowires.
One can see that the silicene photodetectors have an
outstanding performance in all of the above categories,
which require further improvement and optimization for
practical applications.

3. CONCLUSIONS

In conclusion, we have fabricated relatively large quantities of
single/few layers of silicene/silicene oxide with the dein-
tercalation of calcium from CaSi,. These silicene/silicene oxide
layers have been extensively characterized using a combination
of SEM, TEM, EDX, XPS, and Raman microscopy/spectros-
copy. These studies suggest that the freshly made silicene is
pristine but highly oxidized after 12 weeks of storage as
reflected by the Raman peak at 517 cm™" associated with the
defects in the silicene layers. However, TEM images show that
the oxidized silicene still retains its 2D morphology. The
oxidative degradation of silicene was also studied with a
density functional theory (DFT) calculation, which agrees with
the experimental observations. We demonstrate the out-
standing performance of silicene as a broadband photodetector
with superior responsivity, detectivity, and EQE compared
with other silicon nanomaterial-based devices.

4. EXPERIMENTAL SECTION/METHODS

4.1. Materials and Equipment. CaSi, and concentrated HCI
were purchased from Sigma-Aldrich, and trimethylaluminum (TMA)
was obtained from Strem Chemicals Inc.

Material characterization was performed with an FEI Quanta 200
SEM with an energy-dispersive X-ray spectroscope (EDX), a JEOL
JEM-2100 TEM, a PHI 5000 Versa Probe scanning X-ray photo-
electron spectroscope (XPS), an Agilent Technologies Cary 60 UV—
vis spectrometer, a RENISHAW inVia Raman microscope with an
excitation of 532 nm, and a Veeco Multimode Nanoscope III AFM.
The Al,O; protection coating was deposited by a Veeco Savannah
ALD system. The optoelectrical properties were measured with a
Keithley 4200 semiconductor analyzer.

4.2. Experimental Procedure. A total of 0.05 g of CaSi, was kept
for 3 days in HCI at —10 °C under continuous stirring. Silicene/
silicene oxide MLs were separated by centrifugation at 6000 rpm for
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10 min. The supernatant was removed, and the precipitate was
dispersed in ethanol for centrifugation. This process was repeated five
times, after which the sample was dried in vacuum for 3 days. At this
stage, silicene MLs were obtained. To achieve few- and single-layer
silicene, the MLs were dispersed in methanol and placed in a tip
sonicator at 1 W for 1 h in an ice bath. Finally, the single-layer, few-
layer, and ML products were separated by centrifugation at 6000 rpm
for 2 min, after which the thin silicene flakes of few and single layers
were obtained in the supernatant.

Device fabrication was achieved by using an interdigitated chip
configuration with gold electrodes of 100 nm thickness on a P-type
monocrystalline silicon wafer with 300 nm SiO,. The separation
between the electrodes was 3 pm. Silicene/silicene oxide was
deposited onto this electrode via a drop-casting method by
transferring 2 pL of single—few layers silicene/silicene oxide onto
the chip with gold electrodes and drying it in vacuum. The few—single
layers have a thickness in the range of 0.8 to about 2.5 nm. Finally, a
1S nm Al O; coating was deposited at 150 °C by ALD using TMA as
an aluminum source and H,O as an oxygen source with N, as the
carrier gas. In order to obtain a 15 nm coating, 150 cycles were used
with each cycle consisting of a pulse duration of 0.01S5 s for TMA,
0.015 s for H,0, and a wait time of 3 s between pulses.

For the Raman measurements, silicene/silicene oxide was placed
on glass substrates using a drop-casting method. The laser spot size
was ~30 pm® with a laser power of 1 mW. During the XPS
measurement, Al monochromatic X-ray radiation (1486.7 V) was
focused to a spot size of about 200 ym* and the pressure of the target
chamber was maintained at 9 X 10~° mbar. Ar sputtering was not used
before the measurement. TEM was conducted with a JEOL JEM-2100
with an operation voltage of 200 kV. The TEM sample was prepared
by drop-casting on the carbon-coated 200 mesh copper grid and dried
in vacuum. XRD for CaSi, was performed using Cu Ka 1.541 A
radiation with a Rigaku Ultima III high-resolution X-ray diffrac-
tometer. The AFM images were measured using the tapping mode
with silicon AFM tips purchased from Ted Pella Inc.

4.3. Device Characterization. The photodetector device was
placed in a device-under-test box with spring-loaded contacts. A
Keithley 4200 semiconductor analyzer was used as a source measure
unit. Different laser powers at wavelengths of 404, 450, 530, 650, and
808 nm were modulated with a step variable neutral density filter and
measured with a power meter. Finally, the device performance was
evaluated and calculated based on Supplemental Note 1.

4.4. Computational Methods. The calculations were performed
with the Quantum Espresso computational package®* in the DFT
theory framework with a plane-wave basis set and pseudopotentials.
The functional was generalized gradient approximation, in particular,
the Perdew—Burke—Ernzerhof exchange-correlation functional.®> An
emgirical dispersion correction was used with Grimme’s method D3-
BJ.°® The Kohn—Sham orbitals were expanded using a kinetic energy
cutoff of SO Ry (around 681 eV), and the convergence criterion was
107® Ry. Brillouin zone integrations were performed by applying the
Methfessel—Paxton smearing special-point technique with a param-
eter of 0.05 Ry.”” The k-point selection was made based on a
Monkhorst—Pack G-centered 8 X 8 X 1 k-point mesh. The
pseudopotential was the projector augmented wave method.®® The
phonon wavenumber calculations for the Raman spectra were
performed with the optimized structure with the LDA functional,
norm-conserving pseudopotentials.
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