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ABS T Eij—

deploymefit despife their fascinating properties. Tin monosulfide (SnS), a low-cost, naturally

Atomically*f materials face an ongoing challenge of scalability, hampering practical

e absorption coefficient at atomic thicknesses, making it attractive for

abundant layered material with a tunable bandgap, displays properties of superior carrier
mobility

electronic toelectronics. However, lack of successful synthesis techniques to prepare
large area chiometric atomically-thin SnS layers (mainly due to the strong interlayer

interactiO\Crevented exploration of these properties for versatile applications. Here, we

print SnS ith thicknesses varying from a single unit cell (0.8 nm) to multiple stacked
unit cells ) synthesised from metallic liquid tin, with lateral dimensions on the
millimetrem:!e reveal that these large area SnS layers exhibit a broadband spectral
respon rom deep ultraviolet (UV) to near infrared (NIR) wavelengths (i.e., 280 nm
to 850 nm) wi st photodetection capabilities. For a single unit-cell thick layered SnS, our
photod w upto three orders of magnitude higher responsivity (927 A W) than

commercial photodetectors at a room-temperature operating wavelength of 660 nm. This
study opeh pathway to synthesise reproduceable nanosheets of large lateral sizes for
broadban erformance photodetectors. It also provides important technological

implicatio scalable applications in integrated optoelectronic circuits, sensing and

biomedfg.
e
I
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INTRODUCTION

Two-dimensional (2D) materials have been a major focus for a plethora of scientific

discovew since the isolation of graphene from its bulk crystal. However, the
tremendo of post transition metal monochalcogenides (/-3) such as the Group IV
monochalCogEMAes (A/X, M = Sn, Ge, Pb, etc and X =S, Se) remains relatively untapped (4).
Theoregcﬁs of these materials have revealed peculiar electronic and optoelectronic

properties quantum limit but are yet to receive an experimental thrust (5) primarily

y to obtain large aspect ratios. Semiconducting SnS is a representative

family of post transition metal monochalcogenides that exist in an

orthorho ed structure (6, 7).The buckled structure of SnS is held together with weak
van der W) forces between the layers exhibiting structural anisotropy, a feature
very simi e isoelectronic structure of black phosphorus (BP) (/, 7) (See Note 1,
Supportin ation). As a p-type semiconductor, SnS has both indirect and direct
bandgap Eeported in the range ~1.0 — 1.3 eV and ~1.3 — 1.5 eV, respectively (7). The

bandgap my allows it to exhibit a combination of desirable electronic and
B

optoelect perties (8-10) that include large absorption coefficient (//) across a wide

wavele | tunable electrical conductivity (/2) and high carrier mobility (6). This
renders SnS table candidate for multidisciplinary applications such as photodetectors
(13), cells (/4), field-effect transistors (/5) and spin-valley lasers (/6).

However, conventional growth and synthesis strategies such as chemical vapour deposition
(CVD) anwal vapour deposition (PVD) have failed to attain good quality atomically-
thin SnS e formation of uncontrolled grain orientations, defects and impurities (/7-
19). Stronm

atom iﬂent reason for the inability to isolate ultra-thin layers of SnS (6) using

establi

ayer interactions resulting from lone pair electrons associated with each S—

nical cleaving processes. These interactions are stronger than the vdW

[

forces etween Sn—S layers (20), that generate substantial energy distribution and

strong ch sfer resulting in electronic coupling between adjacent layers (20, 217). Low

U

temperatu d metals present an opportunity to obtain ultrathin layers (22, 23) with

relativel ateral dimensions. As a material that can be processed at low temperature,

A

SnS is an nt candidate to be synthesised in its atomically thin-form using this approach
and be deployed as functional layers for wide-band photodetectors that have not been

reported to date.
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Here, we deploy a unique synthesis technique that results in a single unit cell thick SnS layers
with lateral dimensions up to the millimetre scale. The technique relies on sulfurising the top
surfaceM tin (Sn). Subsequently, we isolate Sn—S that appears at the top surface of

the moltmg a vdW transfer technique (Figure la and Note 2, Supporting

Informati . The non-polarised nature of the molten Sn results in the absence of
macros@oie™grees between Sn and its sulfurised skin, allowing a clean delamination. As
such, the ined large-area SnS layers are utilised to demonstrate ultra-sensitive
broadbanwtectors with more than three orders of magnitude higher responsivity (10*—
10° AW commercial photodetectors and detectivity in the range (10°—10'" Jones) for

wavelengtlis an@ing from 280 nm to 850 nm. Considering the quest for miniaturising

S

devices, this work showcases a high-performance SnS photodetector with a functional layer

that is sub-1 nnj thick. This provides an exciting pathway towards miniaturising light

u

detection d which will expand their breadth of applications.

RESULT

dll

As a substrate, we used doped silicon with a 300-nm thick layer of SiO,. The as-grown SnS
layers, on rface of liquid metal Sn, were transferred onto a pre-cleaned substrate
throug transfer technique. In Figure 1b and Note 3, Supporting Information, optical
microscopy images clearly show a large lateral synthesis of SnS layers. The low
magniﬁcagn transmission electron microscopy (TEM) image reveals the growth of
homogenous_SnS layers with ultrathin features (Figure 1c¢). The selected area electron
diffractio @ D) pattern further reveals single crystalline features of synthesized SnS
layers and rfect orthorhombic crystal structure (inset of Figure 1¢). Confirmation of
single crygllinity was obtained by acquiring SAED measurements across different locations
of the Snalaxer 'iote 4, Supporting Information). The lattice spacing of 2.8 A correspond to
the (040) ording to the PDF#39-0354 dataset. The high-resolution TEM (HR-TEM)
images show thedinidirectional crystalline layers with an inter-planar distance of 2.8 A which

also correspo o the (040) plane (Figure 1d). Figure 1e shows a representative atomic

force py (AFM) topological scan of as-synthesized single unit cell thick SnS layers.

Here, single unit*€ell thick SnS layers imply two layers of SnS stacked one on top of the other

and reveal a thickness of 0.8 nm (Figure 1f). The representative AFM scan of two-unit cell

This article is protected by copyright. All rights reserved.
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(that we refer to as multiple unit cell) thick layered SnS shows a thickness of ~1.8 nm (Note

5, Supporting Information).

To furtm the growth of monochalcogenide SnS layers, Raman spectroscopy was
perforrnews active vibrational modes at 94.21 cm™,185.61 cm™ and 219.6 cm™
that can bE€*asSTERe" to the A, phonon modes and the peak at 158.21 cm™ assigned to Bs,
oﬂhorhgwﬁe of layered SnS (Figure 1g) (20, 25). The Raman spectra obtained from
the layers nd after device fabrication were identical and did not show any discernible
change. The Ramilan peaks only show the vibrational modes associated with SnS (78, 26).
Vibrational_modes that can be associated with other stoichiometries and oxides are absent
indicating sence of SnS. Other characteristics such as the optical absorbance and
bandgap in alignment with expected values for SnS (27). EDS was performed to
additionaE the Sn and S ratios which was ~ 1:1 (see Note 6, Supporting Information).

A slightly tio of S than Sn which can be expected due to the interaction of atomically
thin SnS igh energy X-rays.

Chemical mld stoichiometry of the synthesized SnS sample was investigated by X-ray

photoelect ctroscopy (XPS) measurements. Sn 3d and S 2p core level spectra were

e-convoluted into their corresponding chemical species as shown in Figures
1h and 1i ively. The Sn 3d core level spectrum reveals a spin orbit splitting of 8.4 eV
which corresponds to the Sn 3d;, and Sn 3ds); spin states. The Sn 3d core level spectrum is
de-convolied and fitted with only one contribution representing Sn—S chemical state. The
peak position at 486.1 eV and 494.5 eV corresponds to the Sn 3ds;, and Sn 3d;/, spin states
for Sn-S. ﬁb core level spectra were also recorded to verify it as shown in Figure 1i.
The S 2p tore lc;el spectrum reveals a spin orbit splitting of 1.1 eV which corresponds to

S 2ps;, and S 2py;, spin states. The de-convoluted S 2p spectrum also exhibits only one
.

chemical interaction for S 2p where peak positions at 161.7 eV and 162.8 eV are associated

t

to the S 2p;, and S 2p;» of S—Sn chemical interaction. This confirms the formation of only

Sn—S in the synthesized sample. The de-convoluted XPS data of SnS sample is well
supported w1 previous literature (17, 28, 29).

This article is protected by copyright. All rights reserved.
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Figure 1 | SnS s;nSesis schematic and characterisations (a) Schematic representation of the synthesis

process. Elementa synthesised inside the glove box is melted on a reference substrate using a heater. The

surface

When a clea

al quickly forms a sulfide layer due to its interaction in a hydrogen sulfide (H,S) environment.
strate is brought in contact with the molten metal, the van der Waals force between tin
sulfide and the SiO, surface provides adhesion of the material onto the substrate. Delamination of the sheet
becomes possible due to a weak macroscopic force that exists between the parent metal and the metal sulfide

layer. (b) Optical microscope image of single unit cell thick SnS serving as the conductive channel in our

This article is protected by copyright. All rights reserved.
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photodetector. (c) TEM image of SnS synthesized in a sulfide environment, using a TEM grid as the substrate.
Inset of (c), SAED image of the sample indexed to SnS (d) HRTEM image of the sample display a d-spacing of
2.8 A matchgd to (040) plane. (¢) AFM image of the delaminated single unit cell thick SnS layers (f) Thickness
profile oHage reveal a thickness of 0.8 nm. (Thickness for the AFM = 0.3%2 nm - two layers + vdW

gap of 0.2 nn spectrum of layered SnS measured under ambient conditions along with the spectrum
of the SiO,/8 h) XPS spectra of Sn—S 3ds,, and 3d;,, exposing peaks at 486.1 eV and 494.5 eV. (i)
XPS spc@iraififlieiS2p;, and S2p,, peaks at 161.7 eV and 162.8 eV.

The electropic band structure of monolayer, bilayer and trilayer SnS were obtained using
density fufictiongl theory (DFT) calculations (see Note 7, Supporting Information). In the
context of ghiggstudy, we intend to gain insights into photocurrent generation in SnS. The
band strum;md transitions and associated band gap values of the monolayer, bilayer
and trilay tructures are depicted in Figures 2a-c. We also experimentally measured
band gap nigure 2d, e). The indirect bandgap (E;) values derived via Tauc plot from
absorbanc, rements reveal a value of 1.81 eV for a single unit cell thick layers and
1.41 eV fm

and F igumspectively. These values closely correlate with the values obtained via the

iple unit cell thick (2 single unit cell thick) SnS layers as shown in Figure 2d

DFT calcutati Simplified band structures shown in the insets of Figures 2d and Figure
2e hav ed using photoelectron spectroscopy in air (PESA) and XPS valence band
measureme tained Fermi level values of -4.75eV from PESA measurement and
valenc e of -0.58 eV from XPS valence analysis indicate the material is p-type in

nature (30i (see Note 8, Supporting Information). The hole mobility (~35 cm® V' 1) and p-

type natu

obtaining @sfer characteristics in a back-gated configuration (see Note 9, Supporting
0

Informati
betweeﬂd 1.4 eV. These DOS that tend to exist within the energy bandgap of the
SnS se

Such ¢

nS is also confirmed using Hall-effect mobility measurement and by

restingly, Figure 2e reveals the presence of strong density of states (DOS)

r can be associated with sulfur and/or tin vacancies in the material (37, 32).

{

cts lead to deep trap states that plays a significant role in the excitonic

generation and rdgombination events that occur in a photodetector (33).

U

A
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Figure lations and experimental analysis of band structure. (a) monolayer (b) bilayer (c)
trilayer SnS ban ctures. The arrows indicate the direct (£4) and indirect (£;) band gap transitions and band
gap val direct band gap values (as measured at the Gamma point) are 2.51 eV for the monolayer

and 2.3 eV for the bilayers and trilayers. The indirect band gap values are 1.97 eV, 1.93 eV and 1.54 eV for the
mono, bi ang trilayers, respectively. (d) and (e) Tauc plot estimating E; of the material for single and multiple

unit cell Sn Mlnsets of (d) and (e) show simplified electronic band diagram indicating energy gap, Fermi

level, Valen®duction band edges of the layers of the associated thicknesses.

Next, we fabri a pair of Au electrodes with a gap of 5 um (See Figure 3a and Figure S9,
Note 10,

porting Information) on separate single and multiple unit cell thick SnS layers as
the semic*ducti"g channel. The area between the electrodes is used as the active area and

included ﬂl. To evaluate the performance of single unit cell thick SnS layers as
ctors,

photodete m temperature photoelectrical measurements were carried out by applying

a voltage bia 4.0 V. Figure 3b shows photoresponse over a broad wavelength ranging
1200 nm, with maximum photocurrent obtained at a wavelength of ~620 nm.
Subsequently, -dependent photo response of the two-terminal devices was probed across
a range of wavelengths spanning from UV (280 nm) to NIR (850 nm). The electrical response

was acquired and repeated for 280 nm (UV B), 365 nm (UV A), 455 nm (blue), 565 nm

This article is protected by copyright. All rights reserved.
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(green), 660 nm (red) and 850 nm (NIR) excitations respectively. Given the large area of SnS

layers resulting in uniform photocurrent generation, no specific laser alignments were

feqlﬂfew
Devices o @ nt thicknesses (single and multiple unit cells) were probed to observe the
change in"photocutrent A/ (= liumination — ldark) at a power density of 2.5 mW/cm? and a
Voltageﬂ)' 0% 5.0 V. Devices with single unit cell thick SnS layers provide a maximum
response %

band gap (hich .mits the absorbed photons to an energy of 1.81 eV (681 nm) to generate

photoexcite iers. A relatively lower photoresponse is obtained beyond this regime,

elength of 660 nm. Here, the photoresponse behaviour is attributed to its

accompan reduction in photocurrent in the NIR region. For multiple unit cell thick
devices, t imum response is obtained in the NIR region of the spectrum (850 nm)
which is emt to the band gap of 1.41 eV. A linearly decreasing behaviour is observed
in this ca e wavelength of incident light is sequentially reduced from 850 nm to
280 nm. 'm

performeme than 30 devices, for devices of both thicknesses. Photocurrents of both

s the repeatability of these results, photoresponse measurements were

single uni d multiple unit cell thick SnS layers along with the standard deviation
agains length is provided in Figures 3¢ and 3d, showing the high repeatability of
results. I-V ¢ teristics along with the photocurrent dynamics of single and multiple unit
cell thi ices is shown in Figure S10, Note 10, Supporting Information. We also

simulate the optical properties of SnS to further understand the effect of SnS thickness and
the substths (Figure S11, Note 11, Supporting Information). We observe an overall
increase 1 bance across the stimulated range (600 — 1200 nm) as SnS thickness
increases @rther enhancement in the range (600 — 700 nm) due to the optical-cavity

effect fro »,/S1 substrate.

N

The be our SnS photodetectors can be explained in terms of absorption coefficients

{

of relativély narrow bandgap semiconductors (/4, 27). This phenomenon is induced by a

reduction in phdogenerated carriers available for extraction under photon flux owing to

Gl

Auger processesg(34) and the saturation of recombination/trap states that influence the

lifetim generated carriers (35). We further note that as the illumination wavelength

¢

nears the ba energy of SnS, the photocurrent increases. Incident photons with an energy
similar to the band gaps are efficiently absorbed with lower energy loss compared to higher

energy photons resulting from lower wavelength illumination (36). As the illumination of

This article is protected by copyright. All rights reserved.
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devices is global, temperature differences (if any) will be similar between the two interfaces

of electrodes and therefore it is safe to assume negligible contribution from the photo

therrnoMct (37).

_1
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(]
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|
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Figure 3 | Characterisation of single and multiple unit cell thick SnS layers. (a) Schematic illustration of
SnS photodSctor fabricated on SiO,/Si substrate (b) Broadband photocurrent obtained at a bias of 4.0 V and
power density of 1.45 nW (c) Photocurrent measured against different wavelengths for single unit cell thick SnS
layers with @ um response at 660 nm. (d) Photocurrent measured against different wavelengths for
multiple-unit ck SnS layers with a maximum response obtained at the NIR region (850 nm) of the

spectrum.

Figures 4a@ and 4b shows photoresponse as a function of the incident power for devices with

iple unit cell thick SnS layers. The linear increase in photocurrent with
increasing illumifiation power density can be associated with the photoconductive effect (38).
is one of the most critical figures of merit used to define the performance of

a phota -q@ . R of the photodetector is calculated from the formula (39, 40)

This article is protected by copyright. All rights reserved.
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Al (1)

R =
Pinc xS

where Al isgthgachange in photocurrent, Pi,. the power density for a wavelength and S the
effective @ ween the electrodes of the material subjected to illumination. R at an
illuminatiQasiateasity of 2.5 mW/cm? for single unit cell thick SnS device is calculated to be
927 A W'm= 660 nm) and 3510 AW for multiple unit cell thick SnS device at
A = 850 ng FiSwres 4¢ and 4d). Additionally, R for other wavelengths are in the range 10°—
10° A W 'whigifindicates the ultrasensitive nature of the photodetector. We plot responsivity
values formillumination intensities (see Figures S12a and S12b, Note 12, Supporting

Informatio h reveal a decreasing trend with increasing intensities.

Noise eqmower (NEP) is also an important parameter that governs the sensitivity of

R D~

the ph nd can be expressed as (4/-43)
where 1, is t se current and R is the responsivity of the device. The noise current of our

single-unit cell and multiple unit cell thick SnS photodetector was measured with the help of

. % /
m NEp=l_”=M (2)

a lock in amplifier (Figure S13, Note 13, Supporting Information). NEP values derived from
[ |
noise current measurements were calculated to be 6.18x10™"* W for single unit cell-thick SnS

device and B~ 0'* W for multiple unit cell thick SnS device.

Detectivity equation (2) can be rearranged as (41, 43, 44),

L
- >

where R; is the r;ponsivity for a wavelength, S is the effective area subjected to illumination
and Afis Wwidth. The peak detectivity obtained at a power density of 2.5 mW/cm® for

_ (SxANHYExR;

D* 3)

single unit cell thick SnS device is observed for A =660nm and calculated to be
1.09x10° cm Hz"* W™ (Jones) whereas a peak detectivity of 6.83x10'° Jones for multiple
unit cell thick SnS layers is obtained at A =850 nm as shown in Figures 4e and 4f.

Furthermore, the D for various power densities obtained by taking noise spectral density into

This article is protected by copyright. All rights reserved.
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account is plotted in Figures S12¢ and S12d, Note 12, Supporting Information, explaining

the photo saturation effect of the device.

The photol-c

ersion ability of a photodetector is defined by its external quantum efficiency

hxcxR ®)

]
T

(EQE) ex@s (40, 44, 45),

where 4 is thelank’s constant, ¢ is the velocity of light, e is the charge of an electron, 4 is

the wavel incident light, and R is the responsivity of the photodetector. EQE value
obtained single unit cell thick SnS layers at A=660nm is 1.74x10° % and
1.53x10° ¢ ultiple unit cell thick SnS layers at A =850 nm when measured at an

illuminati sity of 2.5 mW/cm?, is shown in Figures S12e and S12f, Note 12,
Supportin

and S12h, Supporting Information.
The resporSe Speed at various pulsed frequencies governs the operational speed of the

photod which is crucial in determining its viability for practical applications. For

ation. EQF as a measure of voltage bias is also presented in Figures S12g

instance ity of a photodetector to follow optical signals of various types could pave
the way for 1ts use in NIR imaging (46). Herein, we investigated the performance of our
single unifcell and multiple unit cell thick photodetectors, for all wavelengths, which show
no signiﬁh

and 500 @ igure S14, Note 14, Supporting Information). Furthermore, the transient

ay in the photocurrent when the frequency values varied between 0.1 Hz

response ti rise and fall times) of the photocurrent was also measured for all wavelengths
at a poﬂy of 2.5 mW/cm’. The response time is calculated by exponentially fitting
the experimental_data (47). Rise time constant (1) and decay time constant (14) is the time
require the photocurrent to reach 63% of its steady state value from its initial value and
vice-versa (48). Walues for t, and 14 are obtained as 15.8 pus and 105 ps for single unit cell
thick SnS layer:
4¢g). Ri

s,dinder the wavelength of 660 nm at 500 Hz illumination frequency (Figure

(#;) and decay time (#4) is defined as the time required for the photocurrent to
increase fro and reach 90% of its peak value and vice-versa (48, 49). The rise and fall
times are calculated as #,= 1, x 2.197 and #3= 14 x 2.197, respectively (48). Hence, the rise and

fall time obtained for single unit cell thick SnS layers at 660 nm are 34.71 ps and 230.7 ps,

This article is protected by copyright. All rights reserved.
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respectively. Similarly, for multiple unit cell thick SnS layers, 1, and t4 were obtained as
22 us and 51.5 ps under the illumination wavelength of 850 nm and illumination frequency
of 500 W 4h), which gives #,and t4 values of 48.33 ps and 113.14 ps, respectively. It

is noted tmes, the rise time is faster than the decay time. A relatively slower decay

time coul It of defects present in the system, where the life time of holes is

prolongdtmrapped regions of layered SnS (49-51).

a c e g
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Figure 4 | @ merit for single unit cell thick and multiple unit cell thick SnS layers. Photocurrent at
different power 1ntensities showing a linear dependence curve for (a) single unit cell thick SnS layers under the

wavelength @f 660 nm and (b) multiple-unit cell thick SnS layers at 850 nm wavelength. Responsivity obtained

n

at P inc —
thick Sn

and Vg, = 2.0 V at different wavelengths for (c¢) single unit cell and (d) multiple unit cell
ectivity obtained at Pj,.=2.5 mW/cm? and Vg =2.0 V at different wavelengths for (e)

[

single unit nd (f) multiple-unit cell thick SnS layers. (g) Response time of single unit cell thick SnS

layers at a wavel of 660 nm at an illumination frequency of 500 Hz. (h) Response time of multiple-unit cell

U

thick SnS layers a avelength of 850 nm and at a frequency of 500 Hz.

e mechanism underpinning the high EQE and relatively fast response times in

detail in Note 15,"Supporting Information.
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The gate dependant characteristics along with the figures of merit under different gate
voltages is shown in Note 16, Supporting Information. Gate dependant measurements

indicat current dominates over thermionic tunnelling currents across the entire

t

operating gate voltages.

s

Existing ¢

phosphﬁl aP), germanium (Ge) and indium gallium arsenide (InGaAs). The comparison

y available photodetectors are typically made from silicon (Si1), gallium

of perfo rameters in Table 1 show superior figures of merits. The responsivity and

detectivityflvaluegfof commercial photodetectors are in the range of 0.1 — 1 A W' and 10" —

o f

10" Jones, respectively (52). Nevertheless, formation of large densities of defects in the

S

growth pr@cess materials (53), requirements of high processing temperature (54) and

cryogenic me systems for efficient operation (55), incompatibility with flexible platforms
and bulkis) are some of their ongoing challenges. For instance, InGaAs based
photodete on complex fabrication steps particularly requiring lattice matching and
surface paSsiwation (56, 57). On the other hand, SnS depicts a self-terminating lattice while
being co showing higher responsivities in NIR range at room temperature. Also, it
is to be nmﬁgures of merit values of commercial photodetectors mentioned in Table 1
are rec ias voltage of more than 2.0 V. So, the power consumption of the devised
SnS photode rs is relatively less in comparison to state-of-the-art photodetectors.
2D se -based photodetectors have showcased values as high as 10°~10° A W' for

responsivity, 10°—10'® Jones for detectivity and 10" - 10" % for external quantum efficiency
(listed in M In this work, responsivities that are three orders of magnitude higher than
commerci@otodetectors (in case of Si responsivities typically drop further at longer

wavelengt indium gallium arsenide (InGaAs) photodetectors are showcased. Taking
material ¢ stics into consideration, Cadmium (Cd) is a heavy metal ion and extremely
hazardﬂe (58), degradation of BP under ambient atmosphere remains a key issue
till datéH the heavy electrons in molybdenum disulphide makes it an unfavourable
material ft peed photodetection applications (67-63), tin disulphide (SnS;) as another
sulfide of a relatively wider band gap restricting its detection limits up to the visible
range on . Sn does not suffer from such drawbacks as it is an earth abundant and
relative etal (5, 65). In addition, SnS provide high chemical stability (5) and air

stability (5, 65) rendering it a truly exceptional material for leading edge applications in

optoelectronics.
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Materials Wavele | Thick Testing R D EQE | Respo | Re

ngth ness conditions nse f
(A/W | (Jone | (%)

time
N
CONCLm
In con we have successfully presented repeatable synthesis of large area single and
multiple upi thick SnS layers by utilising vdW transfer of molten Sn onto conventional
substratcs. EXpcrimental characterisations of the synthesised SnS layers confirm a reduction

in band gs with increasing thickness of layers which is further validated by theoretical

calculatiofis® alluring material properties of atomically thin layered SnS have been

elucidated@nonstraﬁng broadband photodetectors operating in 280 nm to 850 nm

wavelengt

than threiSr:er of magnitude responsivities as compared to the state-of-the-art commercial

photod - The stability of atomically thin SnS nanosheets even at such low thicknesses

. The figures of merit obtained for our broadband photodetectors show more

isa signMvantage. As such, our work proposes a new avenue for large area synthesis
of ultra—thinﬁs of a representative material that cannot normally be synthesised in
atomically thin _form using conventional processes and adapt it for high-performance
optoel . This also opens pathways towards discovering the unique properties that

could exist uantum limit of other layered materials.
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Fanobe' 800 32 25 | 1| 45 o; 6x10° Of 43 ()
S
@ 2.6x1 | 23x1 | 8.6x1 75
375 NM | 001 | 1321 OSX 02 OSX 192.6 ()
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Table 1 | Compagison of key features of our work based on SnS nanosheets with previously reported

state-of-thess pdetectors. NM: Not mentioned, Pj,.: [llumination power density, V: Voltage bias, R:

Responsivity, D Detectivity, EQE: External Quantum Efficiency, Ref: References

Materiwsis and Fabrication: Experiments were conducted in a controlled
environmmpecially designed glove box. Initially, a continuous supply of nitrogen at a

flow rate was maintained for about 4 h to ensure complete removal of oxygen. After
which, was introduced at a flow rate of 0.5 sccm for 1 h to attain a homogeneous
sulfide 11 sphere within the glove box. Elemental tin was molten with the aid of a
ceramic heater at a temperature of 350°C by applying a voltage of 12 V using a power supply

unit. The initial thick layer from the surface of molten metal was removed through pre-
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conditioning prior to transferring freshly grown nanosheets onto desired substrates (SiO,, Si,
glass, TEM grids, etc). The freshly formed liquid metal undergoes a colour change from
silver t(Mw within a few seconds confirming the formation of the metal sulfide layer
on the sumal-melt. Prior to touch printing, substrates were placed on the heater to

avoid the When TEM grids were utilized for transferring the material, the grids
were plcS@SAPDMS to avoid breakage of the fragile grids. Standard photolithography was
used to p ctrodes. Metal Cr (10 nm)/Au (100 nm) was deposited on the developed
patterns u@tron beam evaporation technique at a pressure less than 3x10” mbar. Lift -

off was do cetone to reveal the required metal contacts.

StructuraWterisations: Atomic force microscopy (AFM) measurement was conducted
using the imension Icon AFM in ScanAsyst mode. Raman spectra were obtained on
SnS/ SiOz/m

source omat 9 mW excitation power, 50x objective, and 1800 grating. XPS was

es using the Horiba Scientific Raman spectrometer utilizing 532 nm laser

carried o g a Thermo K-Alpha instrument equipped with a monochromatic Al Ka

source (pmnergy of 1486.7 eV and pressure of 1x10°mbar). UV-vis absorbance
t

measurem e collected using a CRAIC 20/30 microspectrophotometer. The obtained
bindin s calibrated using C 1s peak at 284.8 eV.
Low magni on TEM and HRTEM were conducted using JEOL 1010 and 2100F

microscopes. The JEOL 1010 was equipped with a Gatan Orius SC600A CCD camera and
operated agan accelerating voltage of 100 keV. JEOL 2100F microscope was equipped with a

Gatan Ori 00 CCD camera. This instrument has an accelerating voltage of 80 keV.

4200SCS
commerci|} mon'chromatic light emitting diodes (Thorlabs, Inc.) with different wavelengths
ranging frﬂ nm to 850 nm were used as excitation sources. All measurements were

performed in the dark and ambient light with exposure to only the target illumination

emiconductor parameter analyser. For the optoelectronic measurements,

wavelengths. > illumination power was calibrated by a commercial UV-enhanced
photod 'ﬂﬂ (Newport Corporation). The laser beam was directed onto the nanosheets
vertically at a“¥ixed distance of about 1.7 cm from the sample holder. Electrical
characterisations for various light sources were repeated under different illumination

intensities in the range of 0.5 to 2.5 mW/cm?.The shape of the beam of light is Gaussian in

This article is protected by copyright. All rights reserved.
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nature. The frequency and pulse width modulation of the light sources were performed by

using the Arduino-Uno programmable microcontroller board.

= m
The photocurrent was detected using a lock-in detection system including an
> N
Agilent 33210A 10MHz function/arbitrary waveform generator, a Stanford SR570 low-noise
\ N y 4

current pre-amplifier and a Stanford SR850 digital lock-in amplifier. (The reflected light was

measured simultaneously using a confocal microscope and a Si avalanche photodiode (APD)
\ &

detector). The generator frequency is 333 Hz and the applied voltage is 4V.
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Miniaturis detectors are key for the next generation of sensing, communication and

imaging tmies. Single-atom thick SnS layers are printed on a millimetre scale to
i

showcase ion in high-performance photodetectors. These SnS based ultra-fast
photodetectors sRpw a broadband spectral response ranging from deep ultraviolet (UV) to

near infra ) wavelengths (i.e., 280 nm to 850 nm) with excellent figures of merit.
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