Two Step Synthesis of Large Area 2D Bi,S; Nanosheets Featuring High In-Plane Anisotropy
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Abstract:

Two-dimensional (2D) materials with high in-plane anisotropy are rapidly emerging as a

tantalizin! :::fs of nanomaterials with promising applications in nano-electronics and

optoelectr they provide an additional degree of freedom that can be exploited in
device Eefﬂe large area synthesis of such materials remains however challenging, since
the anisotrgpic gkystal structure renders identifying a suitable growth substrate to be difficult,
while the uets are usually too fragile for the exfoliation and transfer of macroscopic

sheets.

S

This work report the scalable synthesis of highly crystalline, large-area 2D Bi,S; nanosheets

using a id metal-based synthesis approach. Ultrathin bismuth oxide sheets are

ﬂ

exfohated rom molten bismuth followed by tube furnace sulfurization. The strategy
effectlvel s es the formation of layered structures from the process of anisotropic

crystal ercoming the shortcomings of established techniques. The synthesized

nanosh ure a highly anisotropic orthorhombic crystal structure with intraplane van der

Ma

Waals gaps and a direct bandgap of ~2.3 eV. The nanosheets were found to be highly
photocon(hwith a photoresponsivity of 8 AW™. Bi,S; channel-based Field effect

transistor a maximum hole mobility of 28 em’V's?, highlighting the excellent

electronic ics of the isolated nanosheets.

Auth
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1. Introduction

In-plane anisotropic 2D nanomaterials emerged after the successful synthesis of black

been repo , two dimensional materials with high in-plane anisotropy are entering

phosph(# fP) Since then, multiple studies of polarization dependent properties have
the focus e wider 2D materials research community due to their promising applications
in electronigs amd optoelectronics®!. Layered materials with anisotropic intralayer crystal
structures Ddirection dependent electronic, optical and phonon structures that result in
marked dws in heat and charge transport along the different crystal axes™. The
anisotropwads to optical excitation becoming highly polarization dependent®™ 4.
These effects offer additional parameters that can be tuned and exploited in order to create
novel devgh as polarization sensitive photodetectors and linearly polarized pulse
generatormreover, the observed direction dependent conductance of anisotropic 2D

nanos used in direction-sensitive sensors''*** >

I Furthermore, floating gate based
anisotropic ry devices that provide multi-level outputs can be created with 2D

. . .16 . .
nanosheets that possess large anisotropic conductance ratios'®. These encouraging findings

have led t!an increased interest in the development of further anisotropic 2D nanostructures.

Bismuth Bi,S3) is an archetypal anisotropic layered material from the stibnite

family.rhibits interesting physical properties such as strong spin-orbit coupling
which uences its optoelectronic properties.”™ It also has excellent thermoelectric

properties due to the small effective carrier masses and low thermal conductivity®®),

Additiona ig8 features a thickness dependent direct bandgap that can be tuned between
1.3 eV and ~2.0 eV, rendering 2D Bi,S; an optimal material for optoelectronic
applications 1 visible spectrum!'”,
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The crystal structure of Bi,S; features van der Waals (vdW) strings. These strings consist of
atoms that are bound covalently in one direction!” '), Van der Waals forces arise between
individual stggs, and as such the Bi,S; crystal exhibits weak vdW bonds along the other two
dimensio ismcrystal structure is highly anisotropic and thus results in directional

. —— .  [a3b.7]
electrlcal,sptlcal and mechanical properties ' =~ ",

The prese@dw gaps along two axes also renders synthesizing large scale 2D Bi,S;

nanosheetsgto challenging. The crystal easily fractures along the vdW gaps, and thus
t

nanosheet sis via bulk exfoliation often results in undesired fragmentation due to the
brittle nature of ;e material”). For instance, liquid exfoliation of Bi,S3 bulk powders leads to
the formagD nano-structures due to exfoliation occurring along both van der Waals

gaps within the crystall”.

Bottom-up “Syithtsis approaches such as chemical vapor deposition (CVD) and molecular
beam epita E) are equally challenging since they require carefully matched substrates
in ord e 2D growth while suppressing growth in the third dimension'?. The
complex iystal structures of high anisotropy 2D materials render substrate selection to be
difficult. C nd MBE growth methods also face limitations since multisite nucleation
often resu@undant grain boundaries and inhomogeneous thickness within the material,

while the szow growth rate often leads to prohibitively high costs!'*. As such, scalable new

synthesw for the growth of large-area highly anisotropic 2D nanosheets of materials

such as Bi@equired.

To overco challenges of synthesizing 2D Bi,S; nanosheets, a novel two-step synthesis

method is ed. The first crucial step is the synthesis of large area Bi,O3; nanosheets,

[14

which do not feature in plane vdW gaps!'¥. The Bi,O; sheets are mechanically robust and can
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tolerate required processing steps!'*. The second step is the sulfurization of the BiO;

nanosheets once they are in place, converting the oxide into Bi,S3 nanosheets.

Recently, ale 2D metal oxides have been synthesized using self-limiting surface

oxidation phenomena occurring on low temperature melting liquid metals such as Ga, In, Sn,
] h

and Bi'"”!

own ultra-thin metal oxide layers can be delaminated onto any desired

substrate @nd sufifaces with relative ease, and further processing allows conversion of the

Gl

oxides int genides, halides and pnictogenides, providing a new pathway towards the

scalable sythedts of a plethora of nanomaterials for diverse applications!'>® '°% 161,

Here, we :‘[he large area two-step syntheses of high quality orthorhombic single-

CI'yStaHil’lE!BizSg, 2D nanosheets via sulfurization of 2D Bi,O; nanosheets. The Bi,O3

nanosheet foliated from the surface of liquid bismuth (Figure S1). The oxygen
concentrati ing the oxide synthesis step was found to affect the thickness of the
synthesized B4 which in turn provides control over the 2D Bi,S; thickness. Sulfurization

was th in a tubular furnace at temperatures below 450°C. The obtained 2D Bi,S;
nanosheetg, were found to retain their sheet morphology and as such separating the formation

of two diﬁl nanosheets from the crystallization in a highly anisotropic stibnite crystal

structure o be a promising approach towards the efficient and scalable growth of

large area!rystalline Bi,Ss.

This article is protected by copyright. All rights reserved.
5



2. Synthesis and Characterization of 2D Bi,S;

Bi,S; Were obtained using a two-step synthesis method. Firstly, Bi;Os nanosheets
were exfo @ om the surface of molten bismuth (Figure S1), then the ultrathin Bi,O;
nanosheets were converted into stoichiometric Bi,S; via a tube furnace sulfurization process
(Figure lmsulfuriza‘tion process was performed at relatively low temperature, so that
structural @resulting from exposing few layer thick nanosheets to high temperatures

was kept m:inimum. Figure 1b presents the optical images of Bi,S; nanosheets
n

synthesize O,/S1 substrates. It is evident from the optical images that ultrathin layers of
Bi,S; nanosheetsn/ere grown with lateral dimensions in the range of millimeters. Figure Ic,
1d & le ee-unit cell thick Bi,S3, highlighting the van der Waals string type crystal

structure wit mgviﬁcant in-plane anisotropy. The thickness of the nanosheet was measured

using ato microscopy (AFM), revealing that the nanosheets exhibit edge folding and
tend t at within the field of view of the AFM. Edge folding is frequently observed in
liquid oliated nanosheets'' ). The thickness of the material was found to be governed

by the lattice parameters of the unit cell. A typical AFM image of bilayer Bi,Ss3 is shown in

Figure 1f hth additional AFM images being presented in supplementary Figure S2.

Transmisthron microscopy (TEM) was used to reveal the atomic structure and
orientatioﬂsynthesized B1,S;. Figure 2a shows the morphology of a Bi,S; nanosheet
that wamd on a high temperature chemically resistant silicon nitride TEM grid. The
nanosheetmed were found to be laterally large and ultrathin. Cracks visible within the
TEM image l1 arise due to the holes in the silicon nitride membrane. High resolution
TEM (4% carried out to assess the crystal structure of the nanosheet (Figure 2b).
The HRTEM and selected area electron diffraction (SAED) patters in Figure 2¢ and Figure

2d confirm that the few nanometer thick nanosheets show excellent phase purity, since only
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the (210) facets are visible with a typical crystal spacing of 3.2 A. The crystal structure was
also confirmed using scanning tunneling microscopy (STM) of the 2D nanosheets
synthesizeg onductive silicon wafers, highlighting that the preferred growth orientation
appears tae independent (Figure S3). Elemental mapping using energy-dispersive
X-ray speSroscopy (EDX) was carried out to obtain the elemental distribution within the
material (we-g). Figure 2f and Figure 2g show EDX maps of S and Bi, respectively,

highlightin the isolated 2D nanosheets are homogeneously sulfurized.

X-ray phomeon spectroscopy (XPS) was used to characterize the chemical stoichiometry
of the synthesiz; nanosheets (Figure 3a). The Bi 4f spectrum shows dominant peaks at

158.4 and : related to Bi** 415, and Bi*" 4f5,, respectively[lg]. The S 2s region (Figure

3b) features a i eak at 225.1 eV which corresponds to sulfur chemically bound to bismuth,

while the §ma peak at 228 eV is characteristic of the presence of elemental sulfur which
likely uc to small amounts of residual sulfur being deposited during the sulfurization
process.gaWithin the O 1s region, a single peak at 533 eV is associated with the substrate

Si-0-Si bonds™. The characteristic Bi-O peak that is typically observed at ~530 eV is

absent, C(& that total replacement of oxygen with sulfur was achieved (Figure 3c,

Figure Shermore, analysis of the XPS peak intensities revealed a bismuth to sulfur

ratio of 0. ich is consistent with stoichiometric BiZS3[lga]. Analysis of the XPS valence
band rgls that the Fermi level is situated 0.9 eV above the valance band edge
(Figure 3 analysis of the UV-vis spectrum (Figure 3e, Figure S5) reveals that the 2D
nanosheet direct optical bandgap of 2.3 eV. The combination of XPS valence band
analysi -vis data indicates that the ultrathin Bi,Ss is slightly p-type. The presence of

a sparse layer lemental sulfur deposited onto the Bi,S; nanosheets during synthesis was

found to affect the doping level of the nanosheets. Sheets with minimal elemental surface
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sulfur exhibited nearly intrinsic behavior, while other nanosheets with more abundant surface
sulfur exhibited XPS valence band spectra that are indicative of strong p-type doping (Figure

T

S7).

The ele-ctromc ;anagap was confirmed using scanning tunneling spectroscopy (STS) by

i

plotting : a function of the applied bias voltage (Figure S3). The result confirms that

the bandgdp is ~2!3 eV and that the nanosheets are p-type semiconductors. Bandgap analysis

C

of thicker 81 nosheets was also conducted (Figure S6). As the thickness increased from

S

double la nm) to few layers (~5 nm and ~8 nm) the band gap narrowed by ~50 meV

L

and ~100 spectively, due to differing degrees of quantum confinement™®. A further

increase ifil thickness to ~15 nm shifted the direct band gap to ~2.05 eV, while a thickness of

f

~100 nm in a bandgap of 1.85 eV.

d

Figure e Raman spectrum of the 2D nanosheets. The A, Raman modes located at

100 and 23 "and the Big modes at 187 and 264 cm’ correspond well with the

M

theoretically predicted active Raman modes of 2D Bi,S;*'. The A, and B, modes are

associated@vith transverse (TO) and longitudinal (LO) optical phonons. Overall the Raman

g

[21b]

spectrum tent with highly crystalline ultrathin 2D Bi1,S; nanosheets

Q

Photolumi e (PL) spectroscopy was performed at room temperature with a 532 nm

1

excitat o study the optical properties of the 2D nanosheets further and to detect

{

Lk

impurity ct states that may be associated with the sulfurization process. The PL

spectrum 4a) features a broad peak at 624 nm which corresponds well to the

expecte 1on from the observed optical bandgap. The observed broad PL spectrum is a

A

result of the in ement of multiple transitions and the presence of surface trap-states, which

This article is protected by copyright. All rights reserved.
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cannot be sufficiently resolved at room temperature!®. PL spectra for thicker samples are

shown in Figure S8, revealing a PL peak shift and thickness dependent emission profile.

PL mappi cted on an edge-near area (Figure 4b and c) revealed that the nanosheets
feature relative omogeneous luminescent properties with enhanced emission near the
- z g prop

edges of Mosheet which is commonly observed in 2D materials®*). The PL map

indicates fhat the@D nanosheets feature high homogeneity and possess consistent electronic

G

properties acrgsmlarge areas.

The in—p:otropy of the Bi,S; nanosheets was investigated using angle-resolved

Raman s opy. Before using polarized Raman spectroscopy, unpolarized Raman
spectra wéke recorded to identify all active modes (Figure 4d). The Raman modes of the 2D
nanosheet towards higher wave numbers when compared with bulk Bi,S; samples.
Such a shift'caf®be associated with decreased long-range Coulombic interaction in few layer
nanosheetsE4 he Raman setup for angle dependent polarized measurements is illustrated
in Fig e excitation laser and analyzer are polarized perpendicularly and the
nanosheet&be aligned within the stage’s X-Y plane. The measurement was performed by
rotating the izer angles while keeping the sample in a fixed position (Figure S10). As
illustrated sly, the visible Raman modes of 2.5 nm thick Bi,S; are Bj, and Aj,.
Theref(£1qu)resentative mode (A, at 240 cm™) was selected in order to study the in-
plane an the Bi,S; nanosheet. The polarization dependent intensity plot (Figure 4e)
clearly shg expected two lobe shape that arises from the 1D arrangement within the
stibnite structurely °* >\ These measurements also confirmed that the Bi,S; nanosheets grow
along t direction which is consistent with HRTEM as well as STM results. As such,
the polarized Raman spectroscopy method may be utilized to assist future device

manufacturing as a non-destructive tool for the identification of the growth direction. This

This article is protected by copyright. All rights reserved.
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may be required when electrode alignment with the crystal structure is critical, particularly in

light of the high degree of anisotropy /.

3. 2®ed Electronic and Optoelectronic Devices

The obScrwe@m@iFect bandgap of ~ 2.3 eV*¥ and high crystallinity renders the synthesized
Bi>S; namho be excellent candidates for electronic devices and high-sensitivity visible

-CS[27]

light opt 1 . To showcase their viability for practical applications, Bi,S;

nanosheemeld—effect transistors (FETs) were fabricated using standard lithography,

thermal e‘:m and lift off processes in a back gate configuration. Cr/Au (5/50 nm)

contacts posited, were Cr functions as an adhesion layer between Au and Bi,Ss.
Figure Saghows the electrical characteristics of a typical Bi,S; nanosheet FET device with a
channel wmzo um and channel length of 2 pm. The ON/OFF ratio of the device was

found to be with clear p-type behavior (Figure 5b).

The FET dew eatured a comparatively high ON state current at Vg4, = 200 mV of 0.3 pA
(Figure 5a). The hole mobility was calculated using the transconductance as a function of the

back-gate %(ng) in the range of -40 < V,,;, <40 V using equation (1),

_ L 1 dlgg 1
O N et v 1)
WCOXdngVdS

where Lth of the channel, W is the channel width, Cy is the capacitance of 300 nm

Si0,, didst%g 1s the measured transconductance of the channel, and Vi, is the back-gate

voltage. Tmtric capacitance can be expressed using equation (2),

< Cox = 2 ©)
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where the oxide thickness dox is 300 nm, the relative permittivity ¢, of SiO; is 3.9, and the

free space permittivity €, is 8.87x10™? F.m!

The mea room temperature was found to be 12.4 cm’V's" with a standard
deviation of 9.1 cm V's”" and a maximum mobility as high as ~28 cm”*V's™ for the best
H

performin . The high standard deviation of the mobility from the mean value likely

]

arises fron@isotropy of the 2D Bi,S; nanosheets, where carrier transport along the 1D
van der Waalsgstgings is expected to be significantly favored compared to transport across the
vdW gap. red to other layered p-type 2D semiconductors with a similar thickness such
as GaS, Ga;S;: ;;Sz, ReS; and In,S;, the observed mobility of the 2D Bi,S; nanosheets was

[5a, 28

found to I This highlights that the developed synthesis strategy is capable of

producing nanosheets with excellent electronic properties, equivalent to what can be
achieved m and exfoliation strategies. Furthermore, the Bi,S; nanosheets were found
to sho ent stability in air, with Raman spectra taken on as synthesized nanosheets and

after t nths of storage being indistinguishable (Figure S11).

A two ter!inal device was designed on a SiO,/Si substrate to measure the photoresponse of
2D Bi,S; eets (Figure S12). The photoresponse of the device under different light
intensities as the dark current for a bias voltage of -2 V < V4<2 V is shown in Figure
5c. The t&sient response of the device is shown in Figure 5d, revealing a rise time 1, = 80
ms wheH time required for the photodetector to increase its output from 10 % to 90
% of the @ut level (Figure S13). Figure S14 shows the current density with respect
to the appli oltage. The operational bandwidth (BW) was estimated using the
approxi W = 0.35/1,, resulting in an operational bandwidth of 4.38 Hz. While the low
BW will limit the Bi,S; nanosheets suitability for high speed optical applications in the

current device configuration. Further optimization of the device dimensions, dielectric
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environment and electrode design are expected to significantly improve the response time and

bandwidth. The responsivity (R;), defined as the photocurrent generated per unit power of the

. . . . Al
incident lm effective area of the photodetector, can be calculated using R; = o
where Al e between photocurrent under illumination and the dark current, P is the

N
intensity s the incident light and A is the effective area 21 The 2D Bi,S; based

photodete@onsivity was calculated with an applied potential Vpg of 2V, light intensity
P of 2 mW, casured effective area A of 100 um?” as shown in Figure S12, and measured

Al=16n i@calculated responsivity of 8 AW exceeds that of many existing and widely

used silicon basS\ photodetectors™®. This finding suggests that the Bi,S; nanosheet based

photodetec enable applications in sensing electronics.

A recent 1 bismuth sulfide-based photodetectors that were fabricated using few layer
nanosheets Withateral sizes below 120 nm reported a responsivity of 210 pAW™". B! This is
roughE times lower when compared to this work. This comparison clearly
highli ortance of utilizing large single sheets rather than composite films that are
composedgef many nano discs and rods. Additionally, the rise time observed in this work was

~1.25 tim@ when compared with the preceding report of a 2D Bi,S; photodetector
s

4. Conclusion
In summi‘EE, ;1g;-quality 2D Bi,S; nanosheets have been successfully synthesized using a

two step-j method. The as synthesized nanosheets feature lateral sizes reaching
several mi s, while typically being 2.5 nm thick. The isolated nanosheets featured high
phase d excellent crystallinity. These findings highlight that the developed liquid

metal-based syntltesis technique is well suited for the synthesis of large-area 2D nanosheets

of stibnite-type materials. This achievement is particularly noteworthy since stibnites as well

This article is protected by copyright. All rights reserved.
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as the closely related tetradymites, feature a 1D van der Waals string-type structure that

usually results in the formation of nanobelts and nanowires rather than planar nanosheets.

The high my and large lateral size allowed the fabrication of back-gated FETs to
study tl;e electronic properties of the nanosheets. The 2D Bi,S; nanosheets were found to be

p-type se tors with a maximum hole mobility of 28 cm*V™'s™ at room temperature.

[l

This is cofiparable with the carrier mobility of CVD grown 2D materials such as MoS,?*.

C

The 2D Bj osheets exhibited a photoresponsivity of 8 AW™. As such these 2D Bi,S;
nanosheets tay” well find application in a range of future electronic devices that take
advantage of th;high anisotropy of stibnites. Furthermore, this method may also be well
suited to arge-scale synthesis of tetradymites such as Bi,Ses; and Bi,Tes; which are

both well-known topological insulators.

5. §ntal section

Materials: Bismuth (Bi, 99.98%) and sulfur (S, 99.99%) were purchased from Roto Metals

and Alfa isar respectively. All chemicals were used as received.

Synthesis crystal Bi,S; nanosheets : The Bi,S; nanosheets were grown on SiO»/Si,

glass slid slides and TEM grids using a twostep synthesis method. First, the Bi,O3
nanosh;;rinted on suitable substrates using the liquid metal synthesis method
described (Fi S1). The liquid metal synthesis method relies on delaminating the surface
oxide tha on liquid metal due to Cabrera-Mott oxidation in a controlled oxygen
enviro 100 ppm O;). Bismuth metal was melted on a glass slide inside a flow-

through N, gloV&box. The molten droplet was then squeezed using another glass slide to

remove existing oxides following a previously described preconditioning technique“Sb].

This article is protected by copyright. All rights reserved.
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Touch printing with suitable substrates was then used to delaminate the Bi,O; nanosheets.

The Bi,03 2D nanosheets were then converted to Bi,S; nanosheets using a tube furnace. The

closed sys! as first purged with N, before ramping up to the desired temperature for the

growth of& °C). Elemental sulfur was kept in a ceramic boat at the N, inlet side of
N .

the furnacsat a position where the temperature was 200 °C. The 2D Bi,O3 samples were kept

in the cthube furnace where the temperature reached 450 °C. A ramping and

deramping 9 °C/min was chosen, while the dwell time at 450 °C was 15 minutes.

S

CharacteriZationn. An optical microscope (DP 27, OLYMPUS) was used to take images of

the synthesized nanosheets on SiO, substrates. The thickness of the nanosheets was

U

characteri g an atomic force microscope (Bruker Dimension Icon AFM). TEM

§

characterization was performed using JEOL 1010 and JEM-2100F TEM microscopes

d

operating and 200kV, respectively. Samples were synthesized on chemically and
temper: resistant SisNy TEM girds (Ted Pella, 21587) by directly printing the Bi,Os

nanos e TEM membranes followed by subsequent tube sulfurization. Raman and PL

M)

spectroscopy characterization were carried out using Horiba Scientific LabRAM HR

evolution h32 nm laser excitation source. For PL measurements, a 150 grating/500nm

was used. 0@ absorption spectroscopy of samples was carried out on samples deposited

on qua es. UV-visible-NIR spectra were collected with a CRAIC

h

Micros eter. All measurements were performed under ambient conditions. XPS

{

analysis ucted on samples printed on SiO,/Si substrates. A Thermo Scientific K-

U

alpha XP meter equipped with a monochromatic Al Ka source (h[] =~ 1486.6 eV),

and a ric hemispherical analyzer (CHA) were used to determine the chemical

A

composition o 2D nanosheets. The analyzer was operated with a pass energy of 100 eV

to record the core-level spectra and 50 eV to record the valance band spectra. A low-energy

This article is protected by copyright. All rights reserved.
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electron flood gun was utilized to minimize any surface charging effects. Scanning tunneling
microscopy (STM) was performed using an Omicron model VT. STM (Omicron
Nanotechng GmbH) based spectroscopy and imaging was acquired at room temperature
using Maa

software. STM imaging was conducted in constant current mode (0.5

N
nA) withg gap voltage of 1.4 V. The STM images were consequently filtered using

Gwyddim@e.

Device famn and characterization: The contact electrodes on top of the Bi,S;
nanosheets “wer€ realized with a mask-less photolithography process using a Mask-less

Aligner MLA 130 (Heidelberg Instruments) and photoresist AZ 1512HS. Cr/Au (5/50 nm)

electrodesﬁdeposited using electron beam evaporation. Lift off was achieved by

immersing the samples in acetone for 20 minutes, followed by an isopropyl alcohol cleaning

a

step, exposi patterned electrodes. Finally, FET characterization was conducted using a
probe- combined with a Keysight B2902A source-meter and the Keysight Quick IV

measur, software.

M

Author
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Figure Schematic of the tube furnace sulfurization process used to convert BiyOs

A

nanosheets to Bi,S; nanosheets, the center temperature of the furnace was 450°C. Nitrogen

was used as the carrier gas with a flow rate of ~100 sccm. (b) Optical image of an as-
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synthesized 2D Bi,S; nanosheets on SiO,/Si substrate. (¢, d & e) The crystal structure of

Bi,S; viewed from three axes (f) AFM image of a typical as-grown 2D Bi,S; nanosheet on a

It

S10,/Si1 su and (g) height profile recorded along the red line in ().

Figure 2. image of a Bi,S; nanosheet. (b) HRTEM image (c) Magnified HRTEM

hor Manuscr

image the observed crystal spacing. (d) SAED pattern of a synthesized nanosheet

t

LE

(e) Low magnification dark-field TEM image (f and g) Elemental composition maps for

sulfur (re muth (green).

A
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uscript

Figure 3. (a) XPS spectrum of Bi,S; nanosheets where the peaks at ~158.4 eV and ~163.7 eV

are associ

ﬂi

the Bi 4f 7, and Bi 4f s/, electrons, respectively. (b) The peak located at

225.1eV g nds to the S 2s electrons in Bi,Ss. (¢) XPS oxygen spectrum featuring only

ﬂ

the O ciated with the SiO, substrate, while no Bi,O3 peak at ~530 eV is evident.

(d) XPS vale and spectrum shows an intercept at 0.9 eV, suggesting that the material is
slightly p-type. (e) UV-Vis Tauc plot revealing a direct optical bandgap of 2.3 eV. (f) Raman

spectrum @f the 2D nanosheet with the four Bi,S; modes (transverse and longitudinal A, and

Big modes@highlighted.
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Figure 4. (a) ectrum of a bilayer Bi,S; nanosheet. (b) Optical image of a 2D nanosheet.
(c) PL itensity map of the 2D nanosheet depicted in the optical image. (d) The Raman
spectrum @ bulk Bi,S; (blue line) and the synthesized 2D nanosheets (red line). () Intensity

contour m A, mode as a function of excitation laser polarization angle.
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Figure 5. anosheet FET device performance. (a). schematic of the FET device. (b)

Transf istic I4-Vpg in log and linear scale of Bi,S; FET. (c) I-V curves of
photodetegor illuminated with different power density of light (wavelength 565 nm). (d)
Transient Qe of photodetector where V4, = 1V, wavelength of light 565 nm at 2

mW/cmz, t 1Hz.
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TOC

This worK broadens the scalable synthesis and application of anisotropic 2D BiySs

nanosheet ial optoelectronic devices. The synthesis method results in large lateral

pi

size nalo Bi,S; which are highly in-plane anisotropy and p-type semiconductivity.
Photodetection gand field effect transistor devices with 2D Bi,S; channel exhibit a good

AW and a maximum mobility of 28 cm*V's™.
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