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Abstract

Ultra-thin film transistors (TFTs) offer unparalleled opportunities for the fabrication of
multifunctional electronic and optoelectronic devices. In this work, we report a vacuum-free liquid
metal exfoliation technique for rapidly printing ~2-nm-thick layer of oxide from molten tin. We

explore the effect of rapid thermal annealing at 450 °C on the stoichiometry, morphology, and



crystal structure of the resulting tin oxide nanosheets. The annealed samples exhibit a dominant
SnO; phase and a high degree of transparency (>99 %) in the visible spectra. Field-effect
transistors based on the two-dimensional (2D) SnO: films show typical n-channel conduction with
a field-effect mobility of ~7.5 cm? V! s!. Photodetectors utilizing annealed tin dioxide
demonstrate significant improvement in photoresponsivity reaching a value of 5.2x10°
A W! compared to that found in an unannealed sample at an ultraviolet wavelength of 285 nm.
We demonstrate that the improvement in device performance is due to nanocrystalline changes
within the oxide layers during the annealing process. This work offers a straightforward and
ambient air-compatible method for depositing ultra-thin, large-area semiconducting oxides as
potential candidates for enabling emerging applications in transparent nanoelectronics and

optoelectronics.

Introduction

Transparent semiconducting metal oxides (MOXs), particularly those of post-transition metals, are
emerging as a promising and technologically important family of two-dimensional (2D) materials
with unique optical and electronic characteristics, excellent air stability, and rich surface
chemistry.!* These materials have attracted significant attention in a wide range of applications,
including electronics/optoelectronics, sensing, catalysis, electrochemistry, and energy storage.*®
Although various approaches have been established for realizing 2D MOXs, most conventional
synthesis routes rely on either low-yield exfoliation methods or complex vacuum-based deposition
techniques.> > This underscores the high demand for a more straightforward, scalable, and cost-

effective synthesis of 2D MOXGs.

Liquid metal (LM) printing techniques, introduced in 2017, highlight a new platform for producing
high-quality 2D MOXs.? Relying on the self-limiting oxidation process of LMs (well described by
the Cabrera—Mott oxidation model), this technique enables the direct transfer of surface oxide skin
onto relevant substrates.”!! With current progress in liquid metal printing methods, several
stratified and unstratified MOXs have been produced over large areas with minimal

12-14

imperfections, signifying the compatibility of this synthesis approach with existing industrial

manufacturing processes. '8

Among various liquid metal-derived MOXs, tin oxide (SnOy) is of particular interest in its 2D

morphology due to its excellent optical transparency, adjustable electronic properties, and



promising surface chemistry.!®?! Hence, the atomically thin tin oxide can be utilized in the design
of 2D chem-FETs and gas sensors, as well as in the application of catalysis.> 2* Furthermore, the
reduction in thickness to only a few nanometers considerably increases the mechanical pliability
of the nanosheets, highlighting their capability to underpin the development of new types of 2D
flexible and wearable nanoelectronics.?? These tin oxide films can exhibit either p- or n-type
semiconducting characteristics, depending on whether a particular film is in the form of tin (II)
oxide (SnO) or tin (IV) oxide (Sn0O.), respectively.!® Large area, atomically thin SnOx has been
harvested from the surface of molten tin,” stimulating wide-range of studies into LM-derived 2D
SnOx and its applications over the past few years (Supporting Table S1).2" 227 It is well-
established that LM printing in an oxygen-deficient environment (e.g., a glove box) leads to the
formation of p-type 2D tin monoxide (SnO) nanosheets.?’ When the synthesis was conducted in
ambient air, however different stoichiometries of tin oxide were reported, including SnO,* SnO,,%*
and mixed-phase SnOx'% 2!, leading to considerable inconsistencies in the literature It is worth
noting here that SnO is not only different from SnO, in terms of its stoichiometry and
semiconducting properties but also features a distinctly different crystal structure. SnO exhibits a
tetragonal litharge layered structure,?® whereas its more oxidized counterpart (i.e., SnO2) forms an
unstratified lattice.!® 2° Moreover, the precise nature of these oxide phases remains poorly
understood. Further research is necessary to address the crystal structure that arises due to
temperature variations during synthesis. Hence, a comprehensive investigation into the chemical
composition and crystalline structure of air-synthesized 2D SnOx is crucial for gaining insights
into LM chemistry and understanding the electronic properties of this technologically promising

material.

In this work, we prepare 2D SnOx nanosheets in ambient conditions by using an instant in air LM
touch-printing technique. The effects of air-aging and thermal-annealing on the morphology and
chemical composition of the obtained nanosheets are investigated. Transmission electron
microscopy and atomic force microscopy are employed to observe changes within the oxide
nanosheets before and after the annealing process. We demonstrate that implementing a rapid post-
synthesis annealing process of 15 minutes at 450 °C results in a significant reduction in the crystal
disorder with a dominant phase of SnO,. Consequently, an enhancement of two-orders of
magnitude is realized in the mobility of field effect transistors (FETs) fabricated using these SnO:

nanosheets as well as a significant improvement in solar-blind UV detector performance.



Discussion

The synthesis of 2D tin oxide nanosheets was performed in an ambient atmosphere by leveraging
a vacuum-free liquid metal-based van der Waal (vdW) transfer technique (see Experimental
section and Figure 1a).% !*2% 22 2D SnOx naturally grows on the surface of molten tin in the
presence of oxygen.'” 2 The weak adhesion between the oxide skin and the parent liquid metal
enables the direct transfer of 2D oxide nanosheets onto suitable substrates.” '3 The ultrathin
nanosheets obtained from the freshly preconditioned molten tin have minimal variability in

thickness across a large lateral area of several mm? (Figure 1b and Supporting Figure S1b).

It has been previously reported that the 2D SnOx printed from molten tin under atmospheric
conditions consists of both tin mono oxide (SnO) and tin dioxide (Sn02).!%2° Indeed, our X-ray
photoelectron spectroscopy (XPS) data of as-deposited 2D nanosheets indicate a remarkable
amount of SnO which was gradually oxidized into a SnO» stoichiometry when aging in ambient
conditions. However, the presence of SnO is still evident after 4 weeks of air exposure (Supporting
Figure S2a). This can also be observed from the valence band photoemission spectra (VB-XPS)
analysis (Supporting Figure S2b). VB-XPS spectra of as-synthesized and air-oxidized 2D SnOx
nanosheets exhibit a characteristic four-peaked structure (labelled as peaks I, II, III, and IV), in
which the peaks located at ~2.5 eV (peak I) and ~5 eV (peak II) are associated with Sn 5s and O
2p levels, respectively, whereas peaks at ~7.5 eV (peak III) and ~11 eV (peak IV) are ascribed to
Sn 5p — O 2p and Sn 5s — O 2p orbital hybridizations, respectively.?’-*! The presence of peak I is
a fingerprint of divalent Sn*" in the as-synthesized 2D nanosheets,’! and the reduction in the
intensity of this peak indicates the post-oxidation of the samples stored in ambient air (Supporting

Figure S2b).

Thermal annealing has been demonstrated to significantly impact the morphology, phase
composition, and the crystalline structure of metal oxide thin films by reducing lattice disorder
lines and vacancies, thereby enhancing their electrical and optical properties.’*>* We subjected the
as-synthesized 2D SnOx to post-treatment at different temperatures (i.e., 100-450 °C) and time
points (i.e., 15-60 mins). Based on preliminary experiments, we observed from VB-XPS spectra
that annealing at 450 °C for 15 min in an ambient atmosphere can effectively transform SnO into
SnO» (Supporting Figure S3-5). Henceforth, unless otherwise stated, post-thermal annealing at 450

°C for 15 mins was selected for further experiments.



The chemical composition and crystal phase transformation of 2D SnOx nanosheets following
annealing were evaluated using XPS and Raman spectroscopy. Figure 1c, d displays the XPS
analysis of as-synthesized and annealed samples, respectively. The deconvolution of the Sn 3ds.
peak reveals two major components centred on 486.1 eV and 486.9 eV for the as-deposited
samples (Figure 1c), which can be assigned to Sn?>" and Sn*', respectively, indicating the presence
of a mixture of SnO and Sn0-.** In contrast, only one component at 486.9 eV, corresponding to
Sn*' states, can be seen after the thermal-annealing process. No obvious evidence of a contribution
of elemental Sn° atoms at ~485 eV was detected in either sample. XPS survey scans and
deconvoluted O 1s spectra can be found in Supporting Figure S6-7, in which the O 1s spectra
reveals various oxygen species, including O-Sn (530.7 eV), O-Si (532.4 eV), O-C (533.3 e¢V), and
O=C (531.6 eV). Raman spectra of as-deposited 2D SnOx nanosheets feature two strong Raman
peaks at ~211 cm™! and ~618 cm™, corresponding to Az modes in SnO and SnO., respectively
(Figure 1e).%%37 As expected, the Aj; mode of SnO disappears in the annealed samples, indicating
a phase transition from the initial mixture of SnO and SnO> to a predominantly SnO» structure at
the annealing temperature of 450 °C. Moreover, the peak at ~618 cm™ not only represents the A,
mode in tetragonal rutile SnO; but also indicates the existence of bridging oxygen vacancies in the

non-stoichiometric SnO, structure.’’

The optical properties of as-synthesized and annealed 2D nanosheets were explored using UV-Vis
spectroscopy. Figure 1fillustrates the shift in the optical band gap of the as-deposited and annealed
tin oxide nanosheets. The Tauc plot of the unannealed nanosheets reveals an absorption feature in
the range between 3-4 eV, closely associated with the stoichiometry and structural defects of
Sn0.2% 3839 On the other hand, the annealed sample has a steep absorption edge in the UV region
with a direct optical bandgap of ~4.0 eV, consistent with the previous literature.*’ The increase in
the optical bandgap from ~3.0 eV to ~4.0 eV following thermal treatment could be attributed to
either the rapid reduction in the number of defect states near the band edge due to improved
crystallinity or the depletion of Sn?* states.*! It is worth noting that optical characterization of
thermally-annealed nanosheets reveals excellent transparency (>99% transmittance) in the visible
to near-infrared range (Supporting Figure S8) thereby, underscoring the potential of LM-printing

for the fabrication of transparent electronic devices.
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Figure 1. Synthesis and characterizations of 2D tin oxide before and post annealing at 450 °C for
15 min in air. (a) Schematic illustration of the touch printing technique for the synthesis of ultrathin
tin oxide (SnOx). (b) The optical image of 2D SnOx prepared on 300 nm SiO»/Si substrate. (¢) XPS
spectra in the Sn 3ds, region of the fresh and annealed 2D nanosheets. (d) XPS valence band
spectra and (e) Raman spectra of as-synthesized and annealed 2D tin oxide nanosheets printed on
300 nm SiO/Si substrate. (f) Tauc plot analysis for the unannealed and annealed 2D SnOx

nanosheets. Annealing was performed at 450 °C for 15 min in air.

To further elucidate the impact of thermal annealing on improving the structural and optical
characteristics of 2D SnOx nanosheets, atomic force microscopy (AFM) and transmission electron
microscopy (TEM) have been conducted to investigate the morphological and crystalline structure
of the nanosheets. Three batches of freshly synthesized 2D SnOx samples were prepared on Si02/Si

substrates and subjected to thermal annealing at 450 °C in ambient air for different durations.

AFM images in Figure 2a-c illustrate the evolution of 2D SnOx nanosheets following the thermal

treatment at 450 °C. As can be seen, all nanosheets exhibit continuous ultrathin features, exceeding



several micrometres. Additionally, minimal wrinkles, folds, pinholes, and cracks can be detected
within the scanned areas. Based on the AFM height profiles displayed in the bottom left insets,
fresh and annealed samples exhibit a thickness down to ~2.0 nm (with a standard deviation: 0.1
nm) with no significant changes after the annealing process. However, high magnification AFM
imaging of as-deposited samples reveals a “fish scale-like” morphology on the 2D SnOx
nanosheets. Interestingly, these small “fish scales” were observed to be gradually dissolved and
absorbed into the 2D nanosheets during the high-temperature annealing process (Figure 2a-c,
bottom right insets). However, no significant changes in the morphology were observed for
annealing durations beyond 15 mins. The average surface roughness of the unannealed and
annealed (15 min at 450 °C) 2D nanosheets was found to be 0.84 nm and 0.72 nm, respectively.
These findings are consistent with the TEM analysis detailed in Figure 2d-i and Supporting Figure
S9-10. High-Resolution TEM (HRTEM) permits examination of the precise modifications and
transformations of the nanostructures within the 2D nanosheets (Figure 2f-g). It is clear that the
as-deposited samples shown in Figure 2f and Supporting Figure S9 consist of both amorphous and
crystalline heterophases with several grain boundary regions. The selected area electron diffraction
(SAED) pattern in the inset of Figure 2f reveals the mixed compositions of tin oxide, supporting
the XPS data discussed above. We found that thermal annealing (15 min at 450 °C) resulted in a
polycrystalline structure of 2D SnOx and significantly reduced the grain boundaries (Figure 2f-g
and Supporting Figure S10). The d-spacings observed in the annealed nanosheets were found to
be of 0.34 and 0.27 nm (Figure 2h-i), corresponding to the (110) and (101) planes in rutile
tetragonal Sn0,.>* More importantly, as the 2D films evolved through thermal annealing,
intergranular distorted regions as well as amorphous regions observed in as-made SnOx samples
were significantly reduced (Supporting Figure S10). A small amount of the intermediary Sn3zO4
phase*? persists in the samples after annealing, as indicated by the less-pronounced diffraction

spots in the inset of Figure 2g. The presence of such Sn3O4 phase has been previously reported. 4>
44
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Figure 2. Structural evolution of 2D tin oxides while subjected to the thermal annealing process.
(a-c) AFM images of ultrathin SnOx nanosheets at different anneal conditions with the
corresponding step height profiles (lower left insets) and zoomed-in regions (lower right insets).
(d-e) Low resolution TEM analysis of as-deposited and annealed nanosheets. (f) HRTEM of as-
deposited nanosheet. Red arrows in (f) indicate a distorted boundary region. SAED pattern in (f,
inset) signifies the presence of mixed-oxide phases. (g-i) HRTEM analysis of annealed oxide
nanosheets. SAED pattern in (g, inset) and HRTEM images in (h, 1) indicate the domination of

tetragonal SnOa.

In order to demonstrate the application of 2D tin oxide films to device technology, back-gated
field-effect transistors (FETs) were fabricated using 2D SnO; (annealed at 450 °C for 15 min) as
the semiconducting channel (Figure 3a, inset). Drain characteristics (/ps versus Vps) and transfer
characteristics (Ips versus Vgs) displayed in Figure 3a-b show the electrical performance of the
annealed nanosheets. The FET performance of an unannealed 2D SnOx-based transistor is shown
in Supporting Figure S11, featuring p-type FET characteristics with a very low mobility and on-
off ratio consistent with the previously reported value.?’ Upon thermal annealing, the transistor

performance was remarkably improved (Figure 3a-b). The annealed tin oxide device clearly



showed n-type semiconducting behaviour where transfer curves showed a significant increase in
the drain current upon increasing the positive gate and drain voltage. The mobilities of the as-
deposited and annealed samples were calculated to be ~0.07 cm? V''s!and ~7.5 cm? V' 57!,
respectively, revealing a ~100 times mobility enhancement after annealing. The field-effect
mobility was calculated using the expression

_ Ldlps 1
WdVGS VDSCox

n ey

where Ips, Vps and Vs are the drain-source current, the drain-source voltage and the gate-source
voltage, respectively*>#’. The channel length (L) and width (W) were 10 um and 40 pm for all
devices, respectively. The capacitance per unit area between the channel and the back gate (Cox)
was calculated to be 11.5 x10~° F ¢cm 2 for the 300 nm thick SiO» layer. We find that an annealing
duration of 15 min provides a promising on/off ratio of ~10%. The FET mobility statistics based on
different batches of 2D SnO» exhibit highly consistent behaviour with a value of 6.98 + 1.40
cm? V!s! (Supporting Figure S12). A summary of the field effect electron mobility for
previously reported SnO> and other metal oxide films is provided in Supporting Table S2.
Although the FET performance of the device reported here is not the highest, the annealed 2D
SnO, significantly surpasses many previously reported transparent semiconducting oxide films.
Better device performance can be achieved either by optimizing the semiconductor - insulator

interface by using a high-k dielectric layer or engineering the device architecture.*3>?

The enhancement of the device performance is a result of annealing, which significantly influences
the growth of crystalline domains and grain boundaries, already supported by the data from TEM
and AFM analysis. Additionally, the enhancement in the output drain current is consistent with a

substantial reduction in defects in the channel.>

To provide further information,
photoluminescence (PL) studies were carried out to investigate the defect states of the nanosheets
using an excitation wavelength of 532 nm under ambient conditions. The excitation energy is
found to be lower than the band gap of samples. Hence, defect states are only probed in Supporting
Figure S13. A strong PL signal at around 2 eV is observed for the as-prepared tin oxide films,
which can be attributed to electronic transitions enabled by the defects levels in the band gap, such
as oxygen vacancies, interstitials or dangling bonds in the film.>* 3 Remarkably, the PL intensity

around 2 eV significantly decreased in the annealed samples (450 °C, 15 min), suggesting that



some of the defect centres arising from the presence of mixed SnO and SnO, leading to
luminescence have been removed, probably by in-diffused oxygen recombining with oxygen
vacancies during the annealing process.

Inspired by previous work that has reported the enhancement in the performance of UV

photodetectors following annealing,’®

we investigated the photodetection performance of
annealed nanosheets (450 °C, 15 min) by irradiating two-terminal planar devices with light
emitting diode (LED) sources of 285 nm and 365 nm (Figure 3c-d). In addition to an increased
photocurrent (ILignt), the process of thermal annealing enhances the photoresponsivity (R), in
contrast to their as-deposited counterparts (Supporting Figure S14). The responsivity of post-
annealed 2D SnO, was determined to be 5.2x10° and 6.7x10° AW when irradiated with
wavelengths of 285 nm and 365 nm, respectively. While the responsivity of unannealed nanosheets
was determined to be 0.5 AW™! when irradiated with 365 nm wavelength. Figure 3d shows the

photocurrent of the device at a wavelength of 285 nm at three different values of the incident light

power featuring the dependence of Jjig on the illumination power intensity.*®
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Figure 3. Electronic and optoelectronic performance of the 2D SnO> nanosheets annealed at
450 °C forl5min. (a-b) FET performance of a device based on annealed tin oxide nanosheet. The
inset in (a) shows the schematic structure of the device. (a) Transfer curves with V'psranging from
0 to 2 V.(b) Output characteristic curves when Vs varies from -40 to 40 V. (¢) On/off switching
photocurrent cycles of a photodetector based on annealed tin oxide nanosheet measured at 285 nm
and 365 nm UV exposure with a power intensity of 0.5 mW cm 2 and a bias voltage of 0.5 V. (d)
Transient photocurrent as a function of different power intensities measured at a wavelength of

285 nm.
Conclusion

In summary, we report a simple and scalable method for synthesizing large-area and ultrathin 2D
tin oxide nanosheets with SnO> as the dominant phase. The resulting 2D sheets exhibited a
polycrystalline nature with a thickness of ~2 nm covering an area of several square millimetres.
Thermal annealing at 450 °C significantly influenced the phase composition and crystalline
structure of the tin oxide thin films. FETs were fabricated using 2D SnO, as the semiconducting
channel, leading to a significant improvement in electron mobility compared to the unannealed
nanosheets. The obtained FETs based on 2D SnO; showed n-type conduction exhibiting a carrier
mobility of ~ 7.5 cm? V! s71. UV-detectors based on annealed samples also showed superior
photoresponsivity than that of the freshly printed tin oxides. The thermal annealing process showed
a significant reduction of intergranular distorted regions and defect states, resulting in a
pronounced channel quality improvement leading to enhanced electrical and optical properties.
This study provides a roadmap for gaining better control and improved insight into the deposition
of ultrathin 2D SnO, nanosheets in an ambient environment and is also likely to give access to
other tin-based 2D materials. In addition, the developed LM printing technique is highly
compatible with existing pattern and etching techniques. This highlights the potential for
fabricating large-area device arrays based on ultrathin materials for high-performance and high-
density integrated circuits, such as image sensors and artificial synapses. Moreover, this work

opens new avenues for emerging transparent electronic and optoelectronic applications.

Experimental Section

Materials



Elemental tin (99.9%) was purchased from Roto Metal. All solvents were obtained from Merck
Millipore and used as received. Conducting silicon wafers (300 nm SiO2/ p* Si) were purchased
from D&X Co., Ltd. Thermally and mechanically robust silicon nitride (Si3sN4) TEM grids were
obtained from Ted Pella, Inc.

Synthesis of 2D tin oxide nanosheets

A van der Waal touch printing technique was utilized to synthesize ultrathin tin oxide sheets by
adapting previously reported studies.?’ Prior to the synthesis, all substrates were sequentially
washed with acetone/isopropanol/water and preheated on a hot plate to 280-300 °C. The printing
was performed under ambient conditions. Bulk tin metal was placed on a glass slide, and the
temperature of the hot plate was set at 280 °C. In order to remove any pre-existing oxide layers
with possible airborne contaminants and to expose a pristine metal surface, the liquid tin was
preconditioned by squeezing the melt between two glass slides (see Supporting Figure S1a). The
freshly formed interfacial oxide layer can be exfoliated from the liquid tin by touching the surface
with a suitable substrate (e.g., Si02/S1, glass, and quartz substrates). It is worth noting that the
exfoliation of 2D SnOx was performed at 280-300 °C as 2D nanosheets produced at higher
temperatures (e.g., 450 °C) resulted in the fast cumulation of 2D oxide sheets on top of one another,
leading to patchy inconsistent morphologies. In addition, XPS data of 2D SnOx nanosheets
produced at 450 °C showed the presence of both Sn** (~6 at%) and Sn*" phases (Supporting Figure.
S15). Hence, the synthesis of all 2D tin oxide nanosheets was conducted at 280-300 °C.

For TEM analysis, 2D SnOx nanosheets were directly transferred onto TEM grids by gently
touching the liquid tin. The obtained materials were subjected to annealing on a hotplate at a range

of temperatures and durations under ambient condition.

Characterization of 2D tin oxide nanosheets
Optical images: All optical images were obtained using a Leica DM2500 microscope.

XPS: Samples were prepared on SiO»/Si substrates and examined using an XPS spectrometer
(Thermo Scientific) equipped with a monochromatic Al K-alpha source (hv=~1486.6¢V) and a

concentric hemispherical analyzer. Casa-XPS software was utilized to process the obtained data.



AFM: Samples were prepared on SiO»/Si substrates and subjected to AFM analysis using a Bruker
Dimension Icon AFM (ScanAsyst-air mode). The thickness of 2D nanosheets and the surface

morphology were acquired using Gwyddion 2.55 software.

TEM: Samples were prepared on SizN4 grids, and TEM analysis was performed on a JEOL JEM-
2100F TEM at 200 kV acceleration voltage. Gatan Digital Micrograph software was used to

analyze the data.

UV-Vis: Samples were prepared on UV-transparent quartz substrates. All measurements were

carried out using a UV-vis spectrophotometer (Agilent Cary 60).

Raman: Samples were prepared on SiO,/Si substrates. Raman spectra were obtained by employing

a Raman spectrometer (Horiba Scientific) with a 532 nm laser source and 1800 mm ' grating.

PL: PL spectra were acquired using a custom-built confocal fluorescence microscope. All optical
filters described in the following were acquired from Semrock, USA. A collimated laser beam
(532 nm wavelength, gem532, Laser Quantum, UK) was briefly passed through a 532 nm laser
line filter (LLO1-532,) and focused onto the sample using a 100x air objective. The PL was
separated from the excitation signal using a 532 nm dichroic and long-pass filter and detected with
a spectrometer (Princeton Instruments, Spectra-Pro with a PIXIS CCD camera) to obtain PL

spectra.

Device fabrication and measurement

Back-gated FETs based on ultrathin SnOx nanosheets were fabricated via a photolithography
process. Heavily doped (p+) Si wafer was used as the back gate electrode with 300 nm thick Si0,
as the dielectric layer. Tin dioxide nanosheets were deposited on this 300 nm thick SiO»/p* Si
substrates. Next, the obtained nanosheets were subjected to post-annealing at 450 °C for 15
minutes in ambient air before any device fabrication. The samples were first spin-coated with AZ
5214E photoresist prior to electrode patterning utilizing a maskless aligner (Heidelberg-MLA150).
After development in an AZ-400K solution (used in a 1:4 dilution), the samples were subjected to
Cr/Au (10/100 nm) electrode deposition using an e-beam evaporator (PVD75 - Kurt J. Lesker) and
a lift-off process utilising acetone. The FET measurements were conducted using a probe station

equipped with a source/measure unit (SMU-Keysight B2902A Precision). Here, the dimensions of



the active channel were assumed to be the length and width of the fabricated electrodes. The carrier
mobility could be slightly overestimated due to fringing currents. However, the obtained values

are sufficient to examine the effect of thermal annealing on the overall electronic properties of

LM-derived 2D SnOx.

Optoelectronic measurements were performed using commercial monochromatic light-emitting
diodes (Thorlabs, Inc.). All device measurements were carried out at ambient conditions. All
optical measurements were performed in ambient conditions and LED sources (Thorlabs Inc.)
were used to determine the UV photocurrent of the devices at 285 and 365 nm wavelengths. The
power intensity was 0.5 mW.cm™ and the bias voltage was 0.5 V. A commercial UV power meter
(Newport Corporation) aided in incident power calibration. The photoresponsivity R was extracted

from the photodetector performance using the expression:*®

Ipn
PA (2)

where I, P, and A, are the photocurrent relative to the dark current I,4,, the incident power

density, and the effective illuminated area. Note that specifically I, = ljjght — lgark Where

Liignt 1s the measured photocurrent on illumination.
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