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Lﬂtlon of trace impurities within the doping processes of semiconductors is still
ocgical challenge for the electronics industries. By taking advantage of the
sel @ chment of liquid metal interfaces, and harvesting the doped metal oxide semiconductor
omplexity of the process can be mitigated and a high degree of control over the outcomes

P

ed. Here we propose a mechanism of natural filtering for the preparation of doped two-
sional (2D) semiconducting sheets based on the different migration tendencies of metallic
ements 1n_the bulk competing for enriching the interfaces. As a model, liquid metal alloys with
tht ratios of Sn and Bi in the bulk were employed for harvesting Bi,O;-doped SnO
n this model, Sn shows a much stronger tendency than Bi to occupy surface sites of the

<Thls article is protected by copyright. All rights reserved.

2



WILEY-VCH

Bi-Sn alloys, even at the very high concentrations of Bi in the bulk. This provides the opportunity for
creating SnO 2D sheets with tightly controlled Bi,O; dopants. By way of example, we demonstrated
how such nanosheets could be made selective to both reducing and oxidizing environmental gases. The

nstrated here offers significant opportunities for future synthesis and fabrication processes

in t onics industries.

1. Intro’u on

Conventiodally, th€ synthesis and fabrication processes used to process and manufacture electronic

G

and optical devigces are carried out in extremely clean environments under stringently controlled

conditions. ectronics industries, for the majority of synthesis and fabrication processes, the

semico

the proces

or deterior

nductor strlictures used are fabricated to be ultra-pure materials. The smallest impurities in

Ui

n the equipment or the atmosphere, can lead to a significant loss of functionality

I

uality in the final device performance. Additionally, doping is generally an

important gar e process. Dopants are introduced in strictly controlled amounts, especially

when t

during

d

re added, as is usual, at low concentrations. The presence of impurities

them p doping process competes with the dopant atoms to alter the final

W

characteristics of the materials. This challenge has been mitigated using high grade cleanrooms,

complex in§trumentation, and precise optimization of elemental stoichiometry. However, the

current pr

methods, at

greatv

[

re both costly and complicated. Therefore, introducing efficient filtering

O

sts, to introduce dopants at the desired concentrations and avoid impurities is of

aluegliquid metal based processes offer a practical solution in this regard.”‘”l

uth
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and

In a liquid metal alloy, individual elements naturally compete to appear on the surface [14
this likely offers a very efficient filter at the elemental level. Zavabeti et al.™ have shown that even
very smmof elements such as Al, Gd and Hf, added to the bulk of liquid metal such as Ga,
can domin ce in the liquid state.!*”! Following exposure of the surface to the ambient
oxygen!D*gmesof these additional elements dominate the interfacial region and appear

concentrat

uniformly abovethe Ga droplet on the surface. This occurs despite their remarkably low
iiagte bulk (>1 wt%). However, this filtering property can also be distorted by the

characteriw alloying elements, and instead mixed oxides can appear on the surface of the
liquid met tance, a mixture of indium and tin was found on the surface after harvesting 2D
indium tin;O) sheets. However, even in this case, the elemental ratios at the surface differ
significantlfafrom the initial ratios of Sn and In incorporated in the bulk. Tin atoms showed a higher

tendency t to the surface compared to In atoms.™® Altogether, while the surface oxide

filters out the€ i rities, and more importantly the surface can be doped, the stoichiometry of the

oxide layer controlled selectively even when the secondary material is added to the bulk at a

high co

Doped 2D Smiconducting metal oxides are of particular interest where new guest species are
inserted in onolayer structures and, as the result, the original physical and chemical

characterist altered, offering new properties and applications in electronics, optics, sensing,

piezotroni!: magnetism and catalysis.”’ ) Among 2D semiconducting metal oxides, tin monoxide

(SnO) isMe a high-performance wide band gap semiconductor showing intrinsic p-type

-
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conductance. As one of the most promising oxides for next-generation transparent electronics and
displays, SnO can also be doped with other materials to show both p- and n-type behaviour."?” Large
wafer-swnolayers have been shown to be produced using liquid metal exfoliation.'” The
surface of in is dominated by SnO due to the specific redistribution of Sn and O atoms
across tﬁe F!erace, however, Sn0, is also produced on the surface if the molten tin is exposed to

high concentratigns of oxygen for an extended period.[zs]

oG

The melting point of Sn is 231.9 °C, and it forms a eutectic alloy with a melting point of ~139 °C when
combined Bight 43 wt% Sn and 57 wt% Bi.l*®! Alloys with varying ratios of Bi and Sn (Bi-Sn alloys)

can also be create@with a range of melting points, some smaller than the melting points of both

Ul

elements ( oint of Biis 271.4 °C). A comparison of the Gibbs free energy (AG;) for the

1

O’[14, 26]

formation h oxide and Sn shows that when the surface of the Bi-Sn melts are

exposed tafa ¢ lled amount of O,, SN0 always selectively forms on the surface. However, here

d

we hyp t at high concentrations of Bi in the bulk, trace amounts of Bi can also migrate to

the surface, d the established 2D SnO nanosheets. We also predict that this will allow us
to controllably change the doping concentration by altering the Bi volume in the

bulk. Advafitageously, this all occurs within the same process and hence reduces the need for a

[

multi-step rocess. Another advantage is that the process takes place at very low

O

temperatur erally, multi-step doping requires high temperature annealing as a step in the

process or §ynthesized materials that inevitably introduce complexities and limitations to the

4

fabricat

ut
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In this work, a one-step low-temperature printing technique has been employed to demonstrate the
formation of delaminated large 2D SnO doped with Bi,O3; from the surface of liquid metal melt via a
van dermmg process. Liquid metals serve as natural filtering to accommodate the target
doping ele surface oxide layer. To achieve this, different alloys of Bi and Sn were
prepareﬁ am!eeemental dopant variations in the 2D structures were explored against the ratios

of Biand Sn : tP: bulk liquid metal alloys. Very high concentrations of metallic Bi were used while

the diffusio s dopant from the bulk to surficial SnO was limited. The mechanism that

describes wwe diffusion of Bi to the surface of the 2D films has been investigated both

experimen using molecular dynamics (MD) simulations. Eventually, selective gas sensing is
shown as application for highly controlled doping.

2. Results mssion

The schemati igure 1a illustrates the preparation of ultra-thin sheets which includes van

der Wa n and printing from the surface of liquid metal to a substrate. In order to

prepare uli-thin layers of Bi-Sn materials, different weight ratios of Bi and Sn metals (0%, 20%,

40%, 57%, 80%=90%, 100%) were mixed and melted together to produce Bi-Sn alloys of 100%Sn,

20%Bi, 40%8B Bi, 80%Bi, 90%Bi, and 100%Bi. These alloys were melted at 300°C in an N, glove

box with afltea !evel of oxygen (0.2% 0,) to control the interfacial oxidation. An atomically thin

oxide IayerFmergr on the surface of the liquid metal through a self-limiting reaction (the Cabrera-

Mott proc3 the pristine molten metal droplet is exposed to ambient atmospheric

<This article is protected by copyright. All rights reserved.
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conditions. Although molten Sn, Bi and their alloys are in the liquid state, in ambient conditions

the surfaces of these liquid metals are covered by tin and bismuth oxide atomically thin sheets

(nanoshee! ectively, that are formed as a result of the interaction between the surficial layer
of liquid m gen.
H I
a)

Nanosheet with
embedded
dopants

2D sheet

100 pm

uth

Figure 1. aF g ic illustration of forming a liquid metal droplet and van der Waals touch

printing of s from the Bi-Sn liquid metals onto a SiO,/Si substrate. Sn atoms with

ThlS article is protected by copyright. All rights reserved.
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stronger tendency than Bi atoms migrate from the core of the liquid metal to occupy the surface.
b,c) The optical images of typical single touch and multi-touch printed oxide nanosheets on SiO,/Si

substrates,!e ctively. d) AFM topography and height profile of the single-layer oxide material

harvested face of 90%Bi liquid metal.
I
Since the I&id metal is non-polar, there is no covalent bond between the bulk liquid metal and its

surface oxidl€ layem Conversely, the van der Waals interactions between the transfer substrate and

surface oxide comprise stronger forces due to the presence of permanent dipoles. Therefore, an

S

atomically thif’oxife layer is transferred from the surface of the liquid metal to the substrate when

the liquid metal is Youched by it.2” %!

b

Large laterg@l'dimensions (i.e. hundreds of microns) and uniform monolayers were obtained from the

N

touch printing process (Figure 1b, shows an example of a transfer onto SiO,/Si substrates).

Metallic indlusi ould rarely be seen on the nanosheets. Therefore, multiple touch print cycles

a

could b rmed in order to controllably increase the number of layers when needed. For

instanc

M

1c shows three subsequent touch prints of typical monolayers on a SiO,/Si

substrate. Atomic force microscopy (AFM) was employed to explore the thickness and surface

I

morpholo ayers. As shown in Figure 1d, an overall step height of ~1 nm was observed

between thie elhanosheet and the Si substrate. Thicker parts were occasionally produced along

the edges o eets (Figure S1) due to the restacking and folding of the monolayers during the

1

touch p iation process.

ut
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X-ray photoelectron spectroscopy (XPS) was carried out for quantitative measurement of

the elemental atomic ratios, as well as the qualitative analysis of their chemical states, in the 2D
sheets (Fig#—d). As a representative demonstration, XPS peak positions for the Sn3d, Bi4f

and Ols fe e nanosheet harvested from the surface of 90%Bi liquid alloy are presented in
Figure f—c!mwely. The Sn3ds and Sn3d; XPS peaks are located at ~486.5 and ~495.3 eV as the
characterist'!: peﬁs for SnO, which confirms the presence of stannous oxide. Furthermore, no

elemental etected due to the absence of peaks at 492.8 and 484.4 eV corresponding to

metallic S%e same oxide nanosheet, five distinct peaks appeared in the XPS spectrum of Bi
in Figure 2 cated at 154.3 eV belonged to the Si2s of the substrate while peaks centered at
159.3 and . are assigned to the Bi4f; and Bi4fs of Bi,05.% The changes of the XPS spectra for
nanosheet§iharvested from the surface of 20%Bi, 40%Bi, 57%Bi and 80%Bi alloys with reference to

90%Bi are in the insets of Figure 2a,b. As can be seen in the inset to Figure 2a, the Sn3d;

and Sn3d; peaks®@¥fe chemically shifted to lower binding energies, likely due to reduced electron
screeni

ng, e concentration of Bi decreases in the bulk as a result of reduced Bi incorporation
inthe h ers.?

<This article is protected by copyright. All rights reserved.
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Figure 2. The XPS spectra of a) Sn** (Sn3ds and Sn3ds), b) Bi** (Bi4f; and Bi4fs) and c) 0> (O1s) of
SiO,, SnO B|203 Inset in (b) shows the quantitative increase of the Bi,0; Bi4df; peak (normalized
to Sn3d pe ity) in the oxide layer with the increase of bismuth in the parent alloys. d) Shows
the quantita easurements of Bi** concentrations (at%) in the oxide layer in contrast to their

initial alloyS¢ompositions (wt%) obtained from the XPS analysis. Each point and error bar represent

h

ThlS article is protected by copyright. All rights reserved.
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the average composition and standard errors determined for three different measured samples,

respectively.

The intensi peak at 159.3 eV decreases directly with decreasing ratio of Bi in liquid metal
bulk and t corporation of Bi into the layers (inset in Figure 2b). The peaks located at
I

156.6 and $62 eV (Bi4df; & Bi4fs respectively) are related to the fractions of elemental bismuth due to

4

the residualfBi mefal.®" It is important to consider that these metallic residue signals are just trace

G

values. The Q1s spectrum of the nanosheet harvested from the surface of 90%Bi liquid metal was

S

deconvolu wo major peaks.

The well s xygen peak at 532.2 eV is attributed to the SiO, substrate and the peak located

U

at 530.4 e\assigned to the lattice oxygen of SnO and Bi,05.%> 3% These peaks could be similarly

N

observed in all e other samples. XPS spectra confirmed the dominant oxidation states of Bi**

and Sn** foRBi n, respectively, ascertaining that the oxide nanosheets are almost devoid of

c

metalli

M

The ato tained from quantitative XPS (Figure 2d) were calculated based on the Bi**

and Sn** iogs, while the possible existence of metallic Bi and Sn, and the effect of O” ions were

[

excluded. Th ntitative XPS measurements demonstrated that in stark contrast with the bulk

O

ratios, the tin touch printed interfacial nanosheets was remarkably smaller than the Sn

content. THE atomic ratios of elemental Bi and Sn in the bulk compared with their detected atomic

§

percentagas in thegnanosheets are presented in Figure S2. By increasing the mass of bismuth in the

ut
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bulk from 20 to 90 wt%, the atomic percentages (at%) of Bi** in the nanosheets increased steadily

and ultimately exceeded 0.6 at%, as presented in

T

Figure 2d. ms effectively stabilized at this point and further accumulation of bismuth in
the bulk (e %) did not lead to further association of Bi** in the nanosheets. This observation
I

reveals tha@Sn is always significantly more dominant within the surface oxide layer even with a

significantl@ass ratio in the bulk. Similar behaviors have also been observed in other 2D
materials produced using liquid metal-based synthesis. For example, in a 2D ITO obtained from a
liquid metm, the atomic ratio of Sn in the harvested interfacial layer was much higher
than the Sn@ the bulk of the In-Sn aIon.“G] Another example, the non-proportional
contributio ents at the surface of molten alloys was observed where 2D sheets obtained

from a eut ure of Te (5 wt%) and Se (95 wt%) resulted in the dominance of TeO, (97.7

mol%) in the o % ayer due to the more oxophilic nature of Te relative to Se.** Additionally, a

[34]

recent icted the preferential growth of metal oxide layers from binary liquid metal

alloys based o e critical factors including the Gibbs free energy of combustion for that alloy, the

ratio of metals in the binary alloy and their solubility, and temperature.

Ab initio m ynamics simulations were employed to obtain atomic insights into

the experibserved composition of the Bi,0s;-doped SnO nanosheets. As shown in Figure
3a, in the init om configuration of 12 Sn in 116 Bi, with six O, molecules randomly placed at
the intﬁne Sn atom was fully exposed at the interface. At the start of the simulation, the
0, molecul€s reacted quickly and spontaneously with the first surface atoms they came in

-
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contact with (predominantly Bi). However, as the simulation progressed, the oxygen atoms

migrated through the interface until coming into contact with Sn atoms. At the end of the

t

P

simulation,all but two O atoms were found to be in direct contact with Sn atoms (Figure 3b). Atomic

density pr to the interface for the initial (dashed lines) and final (solid lines)

configu%ti ns are shown in Figure 3c. From these results it can be seen that the oxygen penetrates

4

significantly intothe interfacial layer, while simultaneously Sn atoms below the interfacial layer

C

migrate to e interface, to form SnO. Probability distribution functions for the Sn-O and Bi-O
pairwise inerd€tiofls are shown in Figure 3d. While the oxygen nearest-neighbor distances are

similar for nd Sn, the probability of nearest-neighbor interaction is over five times greater

Us

for Sn, des act that it only comprises 10% of the atoms in the layer, and even less at the

interface. The nearest neighbor distances for Bi-Bi, Sn-Sn, and Bi-Sn are all nearly identical at ~3.35 A

f

(Figure S3) ing that the observed differences are not due to preferential atomic

d

packing arrafig ts. Altogether, these results demonstrate the migration of Sn to the interface

and the pr for SnO formation over Bi,0s, even at low Sn concentrations, which explains low

M

concen i observed experimentally in the interfacial oxide layer.

The atomidipercentage of Bi and Sn materials in the oxide nanosheets might change within certain

[

limitations g temperature and oxygen concentration. The passivating oxide layer formation

O

is self-limiti wer reaction temperatures and 2D materials can no longer be obtained at

higher tem@eratures.? Likewise, the oxygen concentration controls the oxidation rate and the

M

thickne e layer but this does not change the fundamental thermodynamic favorability of

ut
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tin oxide over bismuth oxide. Taking these factors into account, changing oxygen concentration and

reaction temperature can only vary the bismuth atomic percentage between 0 and ~0.7at%.

T

a)

b)

c) d)
- Bi Sn atoms (initial) -+ Sn atoms (initial) 61
| e 0 atoms (initial) sn-0
0.05 )
—=— Bi Sn atoms (final) —=— Sn atoms (final) 8i-0
——=— 0 atoms (final) g 54
0.04 ' N E
" 3 44
T g :
Z 0.03 e
£ a 3]
2 @
o b1}
0.02 2
‘w24
o
0.014 Y 14
0.00 2 D 0
0 5 10 15 20 25 0 12
z position (A) Radial distance (A)

\

Figure olecular dynamics simulation snapshots of 12 Sn in 116 Bi, with 6 O, molecules

on the surfgce. a) Initial configuration, and b) final configuration. Bi, Sn, and O are colored

[

purple, oran d blue, respectively. c) Atomic density profiles for Bi, Sn, and O.

O

d) Probability ribution functions for the atom pair distances Sn-O and Bi-O.

N

Raman was utilized to investigate the presence of bismuth oxide in the tin

{

U

oxide nano aced on Si0O,/Si substrates (only the oxide nanosheets harvested from the

This article is protected by copyright. All rights reserved.
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surface of 90%Bi liquid alloy is presented as the model example, for brevity), as shown in Figure 4a.
For comparison, SnO and Bi,03; nanosheets were also harvested from metallic tin and bismuth,
respectimrence samples, and the detailed de-convoluted phonon modes were extracted.
The SnO s ures the Raman peak at 117 cm™ corresponding to the characteristic E,
modes a Sﬂis indicates the absence of other intermediary oxide phases such as Sn,0; and
Sn3;0,. The Ramag spectrum of Bi,0; is comprised of several peaks in agreement with the Raman
modes of ic a-Bi,0;. The A, mode at 119 cm™ originates from the Bi atoms. A, and B,
modes at mm 152 cm™, respectively, are attributed to the displacements of Bi and O atoms
in the a-Bi % As shown in Figure 4a, nanosheets obtained from the alloy with 90 wt% of Bi
exhibit the modes of both SnO and a-Bi,0; at 117, 139 and 152 cm™, indicating the

coexistenc@of both SnO and a-Bi,05 in the nanosheets.

Figure 4b m X-ray diffraction (XRD) patterns of bulk Bi-Sn alloys and oxide nanosheets

sample agnified specific peaks from the nanosheets for clarity) with different ratios of Bi

and Sn. Touch ng was conducted three separate times to obtain a stronger XRD signal. The XRD
patterns of pure Sn and Bi only are also presented at the bottom and top of the figures, respectively,
for refererSs. For the bulk XRD patterns, samples containing both elements exhibited the

correspom@s of Bi and Sn, and by increasing the Bi/Sn ratio in the bulk the intensity of the Bi
a

peak incre portionally. In the nanosheets counterparts, peaks located at 26=~28° and ~32°

correspon&o the (120) and (110) planes of Bi,0O; and SnO, respectively.[37' 38 However, no Bi,0;

peaks in“sheets are detectable due to the small amount of a-Bi,Os in layers, as confirmed

-
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by XPS measurements. The corresponding XRD peak from the SnO nanosheets at ~32° shifts slightly
to the lower diffraction angles when the Bi,O3; concentration increases, due to the incorporation of
the IargeriHSizog in the SnO nanosheets.® This peak in the nanosheets is hardly visible once
the ratio o increased to 280%, due to the creation of a higher concentration of randomly
distribuPed“g—mstructures within the SnO nanosheets. The increased incorporation of a-Bi,0;

reduces the possibility of parallel re-stacking of the layers and also enhances the formation of

C

separate S rs. These result in the incoherent refraction of the X-ray signals that lead to the

disappearancel®f the peaks.

$

For in-depth micro8copy analysis, 2D samples were directly deposited on lacey grids for high-

U

resolution ion electron microscopy (HRTEM). The bright-field TEM image (Figure 4c) shows

I

the smoot in, and uniform surface of oxide nanosheets harvested from the surface of 90%Bi

alloy. A visfial arison between the nanosheets harvested from the surface of 100%Sn

al

sample %Bi alloy (SnO doped nanosheets with 0.73 at% of Bi in the form of Bi,03) was

provided and terfaces between SnO and Bi,O; were investigated through the aberration-
corrected HRTEM observations and the existence of nano-scale Bi,O; grains were found across SnO
nanosheetgs shown in Figure 4d-k. In the harvested SnO nanosheets, polycrystalline

nanograinsO/ere found to be distributed with random orientations and interfaces throughout

the nanosh depicted in Figure 4d. HRTEM image and the corresponding fast Fourier transform

(FFT) imag!of a SnO nanograin with the lattice spacing of 0.31 nm matching the (011) plane of SnO

are ShO\M 4ef, respectively. Figure 4g shows the interface of SnO and Bi,O3 nanograins

-
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with the dominance of SnO in the nanosheets harvested from the surface of 90%Bi liquid alloy. Here
SnO and Bi,0; phases show the d-spacing of 0.27 and 0.35 nm, which can be indexed to the (110)
plane ofHOZ) plane of Bi,0s, respectively.?® *>* The magnified interface of SnO and Bi,0;
regions in O nanosheets and corresponding FFT pattern are shown in Figure 4j,k,

respectﬂel*t!i indicating the coexistence of SnO and Bi,0; phases in the harvested nanosheets which

further conf':msﬁe effective doping of SnO nanosheets with Bi,0s.

<This article is protected by copyright. All rights reserved.
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Figure 4. a) The Raman spectra of harvested nanosheets from the surface of 100%Sn, 90%Bi and
100%Bi liquid metals and their individual de-convoluted Raman modes (dash lines), indicating the
coexistehand a-Bi,0; in the nanosheets exfoliated from the surface of 90%Bi liquid metal.
Peak locat 0 cm™ is related to the silicon substrate. b) XRD patterns of bulk alloys (left)
with difFerim of tin and bismuth, and their corresponding oxide nanosheets (right). c) The
bright-field TEM jimage of nanosheets harvested from the surface of 90%Bi liquid alloy. d) HRTEM
image of a osheet with observed nanograins and interfaces. e,f) HRTEM image and FFT
pattern of w—xograin along the <1-10> direction. g) HRTEM image of Bi,0s;-doped SnO
nanosheet d from the surface of 90%Bi liquid metal presenting SnO and Bi,0; phases and
their inter “1,1) HRTEM images of SnO and Bi,0; nanograins along <-2-21> and <100> directions,
respectiveljh j,k) HRTEM image and corresponding FFT pattern at the interface of SnO and Bi,03

nanograinsmively in the doped SnO nanosheets. |) The schematic illustration of polycrystalline
t

SnO nanosh p) while Bi,03; dopants were randomly dispersed across the SnO nanograins

(bottom). DS mapping of Sn, Bi, O and C elements along to a Bi,0s-doped SnO nanosheet

harvest 90%Bi liquid metal.

The poncrature of SN0 nanosheets both before and after doping with Bi,O; and their
interfacrw boundaries, based on the aberration-corrected HRTEM observations, are
schemati nted in Figure 4l. Energy-dispersive X-ray spectroscopy (EDS) elemental mapping
shown in Figure 4k, displays the distribution of elements across the nanosheets harvested from the

-
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surface of 90%Bi liquid alloy, highlighting the abundance of Sn in comparison to Bi. The EDS
elemental mappings of a folded Bi,Os-doped SnO nanosheet with large wrinkles are shown in Figure

S4 where Sl Bi are accumulated within wrinkles and thicker areas, respectively.

For furthe n of the effect of SnO nanosheets doping, high-resolution atomic
I

force micragcopy (HRAFM) was also used for studying the crystallographic properties of nanosheets

£

and exploriffg theYhterfaces of Bi,O; grains within doped SnO nanosheets (Figure S.5). The

G

spacing identifications for Bi,O; doped SnO crystals (harvested from the surface of 90%Bi liquid

S

metal sam matched with crystal structure spacings of SnO and Bi,0s.

Electron e spectroscopy (EELS) was employed to determine the band gap (E,) of the Bi,0Os-

U

doped SnOfnanosheets. EELS is useful for assessing wide band gap materials due to the presence of

the zero-peak/| t 0 eV.””! The enlarged EELS spectra are shown in Figure 5a using which the

(D

electronic s of the nanosheets were determined by extrapolating the linear fits of

the ele ss energy to loss intensity. The nanosheets exfoliated from the surface of 100%Sn and

100%Bi

M

etals indicated band gaps of 4.2 and 3.5 eV, respectively, in agreement with
previously reported band gaps for monolayers of SnO ** and a-Bi,05.%? As shown in the inset to
Figure 5a,

gap of SnO nanosheets firstly plunges to 2.7eV by the inclusion of only 0.02 at%

of Bi,Oz in ats, followed by a continuous increase to around 3 eV for the Bi,0;-doped SnO

Qr

nanosheet d from the surface of 90%Bi liquid metal (0.73 at% at the surface) which is closer

to the

h

D a-Bi,0s. Similar variations in the band gap of SnO have been reported with the

|

additional fatios of La *? and Cr “*! dopants. The narrowing of the band gap may arise from different

U
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interaction effects among free charge carriers or between free carriers and ionized impurities 4 and
can be interpreted by sp-d exchange interactions.* For SnO, the orbital electrons of Sn 5s and O 2p
mainly fMence band including the highest occupied state, the valence band maximum
(VBM), wh ion band contains the Sn 5p electron states, to the conduction band minimum
(CBM).[. Iwe of low Bi concentrations, the doping ions dominantly move into the Bi
substituted lattice sites of Sn (Bis,). Localized d- orbital electrons of Bis, can interact with both s- and
p-orbital el Y which leads to negative and positive modulation of the CBM and VBM edges,

respectively, cBusing the observed band gap contraction effect.'”® On the other hand, an

S

observed i the measured band gap can be explained based on the well-known Burstein-

U

Moss effec en the Fermi level moves higher in to the conduction band due to the increase in

carrier con@entration, hence low-energy transitions are blocked, and band gap increases.”!

[

A non-linear | uares equation solver in the MATLAB optimization toolbox was used for

d

fitting ing the nature of the measured band gaps using ahv o< (hv - E,)", where hv is the

photon ener o is a constant. Here, n =2 and 1/2 correspond to the indirect and direct

M

transitions, respectively.””? As shown in Figure $6, both the SnO (4.2 eV) and Bi,0; (3.6 eV)

nanosheet§fpresent excellent fits to indirect and direct band gaps, respectively, which are in

[

agreement lier reports.?® 3 The Bi,0;-doped SnO nanosheets harvested from surface of

0O

90%Bi (3.1 e y which is predominantly composed of SnO also possessed an indirect band gap.

h

Electro tions, which indicate the energy difference between vacuum level and the Fermi

t

level, were"acquired through a linear fit to the secondary electron cut-off in ultraviolet

U

This article is protected by copyright. All rights reserved.

A

21



WILEY-VCH

photoelectron spectroscopy (UPS) spectra of oxide nanosheets as shown in Figure 5b. Since the

work function is a surface property, it is strongly affected by variation in surface structure and

Ot

composition.”™ Work functions of 4.7 eV and 3.8 eV were found for SnO and Bi,0;, respectively, in
agreemen iterature.*>Y As reflected in Figure 5b, immediately after minor doping of the

SnO nanosheets with Bi,03 (0.02 at% of Bi at 20%Bi sample), the work function dropped by 0.4 eV

£

(8.5%) followed By a steady decrease from SnO (4.7 eV) to Bi,0s (3.8 eV). VBM values were

C

determine the interception of the XPS valence band spectra from the oxide nanosheets. As

shown in Figur@ 5dand the corresponding inset graph, the Fermi level-VBM separation increased

S

gradually i nosheets from 1.4 to 2.9 eV by increasing the atomic ratio of Bi from 0% to

U

100% in th e position of CBM was obtained from the E;= Eyg - Ecg equations and are listed

together with E; and VBM values in Table 1. In order to verify the results obtained by EELS and UPS,

q

Mott—Scho, surements were used within the electrolyte environment. This was done to

d

determine and potentials (Ez,) for the Bi,Os;-doped SnO nanosheets as the estimation of

their con and or valence band potentials and the carrier type of these semiconductor

M

materi

uthor
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Figure 5. a) ectra as the estimation of band gaps, b) UPS spectra as the estimation of work
functions a S valence bands of the touch-printed Bi,03;-doped SnO 2D materials. Insets in (a-

c) indicateSe trend of changes in band gaps, work functions and valence bands, respectively, with

increasi ic ratio of Bi in samples. d) Mott-Schottky plots of n-type oxide nanosheets with
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different ratios of Bi. Inset shows the Mott-Schottky plots of the p-type SnO and n-type Bi,03

nanosheets. e) The band structures of Bi,O;-doped SnO 2D materials obtained from EELS, UPS and

XPS measu
oxide nano

atmospﬁe

Table 1.V
(harvested

liqguid met

t

P

r

USC

[l

from the surface of 100%Sn

Mott—Schr!Ey measurements.

ts shown in (a-c). I-V characteristic graphs and conductivity variations (di/dV) of

ith different atomic ratios of Bi measured at 250°C in f,g) H, and h,i) NO, gas

he electronic structure of Bi,03, Bi,O3;-doped SnO and SnO nanosheets
, 20%Bi, 20%Bi, 40%Bi, 57%Bi, 80%Bi, 90%Bi and 100%Bi

s) obtained using EELS, UPS secondary electron cut-off, XPS valence band and

Work | Flat band | Valence | Valence band Conduction

function | potential band maximum band minimum
() (En) (eV) (VBM) (CBM)
a b C a b C
100%Sn 4.7 1.10 14 - - 130 - - -
6.1 5.78 1.9

20%Bi 4.3 -1.00 2.3 - - - - - -

6.6 3.9 3.68 0.80

-
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40%Bi 2.7 4.2 -0.98 2.3 - - - - -
7 6.5 3.8 3.70 0.78
57%Bi 2.8 4.1 -0.94 2.7 - - - - -
[ | 6.8 40 3.74 0.74
80%Bi 2.9‘ 3.9 -1.10 2.8 - - - - -
6.7 3.8 3.58 0.90
00%Bi 317 | 40 -0.96 27 | - N
6.7 3.7 3.72 0.76
100%Bi 3.6 3.8 -1.45 2.9 - - - - -
6.7 3.2 322 1.25
3 acquiredms and UPS measurements
® acquired thro Mott—Schottky measurements versus vacuum

9 acquire

M

h Mott-Schottky measurements versus NHE

Generally, Mott—Schottky plots with positive and negative slopes indicate the typical n-type and p-

‘

type semic r

O

semicondu

semicondugtors.!

o

the p-ty.

uf

A
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behaviour, respectively. In addition, the flat band potential in n-type

lose to the CBM, while the flat band potential is close to the VBM in p-type

2 The Mott-Schottky plots of oxide nanosheets are shown in Figure 5d indicating

Sn0 and the n-type characteristic of Bi,Os;-doped SnO nanosheets. Flat band
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potentials of 1.10 V and -1.45 V versus Ag/AgCl were obtained from the onset of the Mott—
Schottky plots for SnO and Bi,O3 nanosheets respectively, as shown in the inset of Figure 5d. The E;
and Ecg \mm hydrogen electrode (NHE) is calculated through Ecg e = Eag/agai+ Esp €quation
where Epg, 3 0n the other side, the Eyg and E¢g versus vacuum also can be calculated
throughq:'C!?!r:AgMga - Er, equation where Eag/agaris —4.675 V.*Y Consequently, the Eyg versus NHE
and vacuumwerg.estimated as 1.30 V and -5.78 eV for SnO nanosheets and Eg versus NHE and
vacuum we ifMated as -1.25 V and -3.22 eV for Bi,0; nanosheets, respectively. The Ecg of the
other n—ty%oped SnO nanosheets were listed in Table 1 which are in agreement with earlier

results hox: slight difference in the band positions might be related to the alkaline pH
e

environm e Mott—Schottky measurements.

The electr structures of the 2D Bi, 03, Bi,O3-doped SnO and SnO nanosheets with varying

ratios of Sere established through the XPS, UPS and EELS measurements that are shown in

Figure ta can be found in Table 1. Also, the extended EELS, UPS and valence band
spectra of oxi osheets are shown in Figure S7.

In order to explore a typical application of this novel semiconductor doping method, a series of

electronic hrs were developed, and their responses were analyzed when exposed to both

reducing ang gases. Here Au/Cr electrodes were deposited onto the Sn nanosheets of
different Bi nt ratios (Figure S8). As references, Bi,O; and SnO sheets were also compared.
Then cr voltage (I-V) curves of the nanosheets in response to H, exposure (reducing gas
—2.02% in Synthetic air) and NO, (oxidizing gas - 9 ppm in synthetic air) as gases, in zero air

-
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background, between -5V and 5V at 250°C were recorded. It is known that SnO is a sensitive material
for gas sensing."**"! As can be seen in Figure 5f,g, SnO and Bi,0; presented the lowest and highest
resistance,eHvely, and the current dropped consistently from 1 mA to 1 pA by increasing the Bi
ratio in thmetal. This can be considered as an indication of the emergence of Bi,0;
dopantH t@anosheets. The frequent distribution of n-type Bi,0; across the p-type SnO might

cause the dtlet:' n of charge carriers and subsequently increase the resistance.”® Among the

samples, Bi ed SnO harvested from the surface of 40%Bi liquid metal alloy (0.08 at% Bi in the
nanosheet%ed the lowest conductivity which was close to that of Bi,0;. The magnified view

of the |-V ¢ xide nanosheets collected from the surface of 100%Bi liquid metal in Figure S9

shows the ar nature of I-V curves generated during the measurements in the reducing H,

environme!t, indicating Schottky-type electron transportation.

The same masurements were carried out for nanosheets in the presence of NO, gas at 250°C

to moni sponding |-V curves, as shown in Figure 5h,i. Similar to the H, environments,

SnO nanoshe orded a lower resistance compared to Bi,0;, however, the resistance was higher
than Bi,Os-doped SnO nanosheets harvested from the surface of 20%Bi alloy (0.02 at% Bi in
nanosheetind almost twice as high as the 40% Bi alloy (0.08 at% Bi in nanosheet) nanosheets in the
NO, atmos igure 5i). Opposite to the response to the H, gas, the nanosheets exfoliated from
the surface i liquid metal exhibited the highest conductivity when exposed to NO,. The
enhanced Snsitivity of the fabricated Bi,0s-doped SnO nanosheets in presence of NO, might be

attribut ype Bi,O3; doping. S a result a hole-depletion region in p-type SnO and an
ib Bi,O; doping.”” A It a hole-depleti ion i SnO and

-
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electron-depletion region in n-type Bi,0; are produced at the interface of SnO and Bi,0; due to
energy band bending. Since SnO is the dominant phase in the touch-printed nanosheets, a high
resistanwed in air due to the narrowed hole-accumulation in SnO caused by the depletion
region. Ho the Bi,O3;-doped SnO nanosheets are exposed to NO, gas, holes are
generatEd Wads to the decrease of the barrier height at the p-n boundaries, expansion of the
hole accumulatign layer and a widening of the conduction channel in SnO. Therefore, the
conductivit oxide nanosheets increases significantly and a high response value can be

expected f eJBi,0;-doped SnO nanosheets. The maximum and minimum conductivity for the

S

Bi,0s-dope nosheets harvested from the 40%Bi alloy (0.08 at% Bi in nanosheet) in NO, and

U

H, gases, r ely, shows the optimized composition and offers the possible application of

selective s&hsing of H, and NO,.” This example shows the potential merit of this work as to

)

how easily no expensive equipment and only by relying on the selective enrichment of the

d

Bi-Sn alloy, dopa@concentration could be controlled for a very specific application.

or M

3. Conclusions

The abi metals to selectively filter elements to their interfaces has been used

th

for harves anosheets doped with Bi,0s. The surface of the liquid Bi-Sn alloys showed

U
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a dramatically different nature and stoichiometry compared to the bulk structure. Despite the
considerable increase in the fraction of Bi compared to Sn in the bulk, the atomic percentage of Bi
within tMyer of the Bi-Sn alloys increased at a much smaller rate, and only recorded a
maximum at% when the Bi ratios were as high as 90% in the bulk. The molecular
dynamic-s S*Eualons explained the higher tendency of Sn rather than Bi to migrate to the surface of
the liquid metal,and the preference of O to interact with Sn rather than Bi, in agreement with the
experimenﬁuantitative measurements. This unique ability introduces a new pathway for the
controllablwective doping of 2D materials. The Bi,Os;-doped SnO nanosheets obtained
consistentl n-type behaviour, despite the p-type nature of SnO. The SnO nanosheets, with

varying am Bi,O; dopants, were examined for their ability at sensing both H, and NO, gases.

While the doping method illustrates how the harvested materials could become selective to NO,

simply by g the bulk concentration that affects the trace amounts of surface doping. The
pi

controlled ethod presented in this paper heralds a new process for monitoring the
interfacia igkated dopants using the natural filtering properties of liquid metal based alloys. This
work h ntial to impact several processes in the fabrication of metal oxide semiconductor

devices for large scale applications.

L

4, Experichtion/ Methods
Materi&é) and Bi (99.99%) were purchased from Rotometals, USA.

r—
)
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Characterization: The topography and thickness of the nanosheets were assessed by AFM on a
Bruker Dimension ICON SPM while the HRAFM images were obtained by a Cypher ES Atomic Force
MicroscH Instrument, Asylum Research) using amplitude modulated-AFM. XPS and
valence ba is were performed on conductive substrates using a Thermo Scientific K-alpha
XPS speEm!FEeerequipped with a monochromatic Al K, source (hv = 1486.6 eV) and a concentric
hemispherical electron analyser (CHA). The pass energy of the analyser was set to 30 eV for the
reported c spectra and 100 eV for the wider survey scans (not shown). The work functions

of the samw acquired through UPS measurements of the secondary electron cut-off using

the He (1) :ine (hv =21.2 eV) from a helium gas-discharge lamp and the CHA.

in-film XRD instrument, respectively (both using Cu K, radiation with A=1.54 A).

The phase ﬁion of the bulk and 2D materials were investigated using a multi-purpose XRD
and an Em
I

The morp nanosheets was captured by JEOL F200 TEM, with EDS for the chemical

ation-corrected HRTEM images were captured using a Titan Themis-Z double-

corrected mic e operated at 300 kV. The phase of the touch printed nanosheets, and their
deformation as a function of the bismuth ratio were observed through Raman spectroscopy (inVia
Renishaw)! he band-gaps of the nanosheets were determined using a JEOL 2100F EELS at 200

kV equippe Gatan Tridium imaging filter and the acquired data were fitted into

O

energy equ MATLAB curve fitting toolbox. Mott—Schottky measurements were obtained

through a sgandard three electrode set-up and CHI650E electrochemical workstation (CHI Instrument

q

Co.)to f ine the band structures. The cell set-up included an Ag/AgCl (in 3M NaCl)

ut
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reference electrode, an Au counter electrode and a working electrode that was 1x1 cm silicon wafer

coated with Bi,0;-doped SnO nanosheets. The electrolyte (0.3 mol L™* Na,5S0,) was degassed by

purging nitt . Series of Au/Cr electrodes with a total size of 2 mm and electrode gap of 25 um
were depo ide nanosheets using an e-beam evaporator deposition system (HHV, ATS500)

for devi?e Hg rication and |-V curve measurements in H, (2.02% H, balanced in synthetic air) and NO,

(9.0 ppm Nt bafnced in synthetic air) atmospheres. The device |-V characteristics were measured

using a pre urce and measurement unit (Keysight B2912A).

Molecular i65 simulations: Ab initio molecular dynamics simulations were performed to obtain

atomic insights int@ the experimentally observed composition of the oxide layers. In order to

generate iﬁom configurations of 12 Sn atoms in 116 Bi (~10 at% Sn) in a 15.9 x 15.9 x 15.9

A% box, cla simulations using the MD code LAMMPS were performed.® Sigma and
epsilon valmr were 2.82 A and 1.65 kcal mol™, respectively, and for Bi 3.04 A and 1.78 kcal
mol ™, r i 15 A vacuum spacer was added in the z dimension to the equilibrated system,

and 6 O, mole were added at ~3 A from the surface. Ab initio molecular dynamics simulations

were subsequently carried out in the Vienna ab initio Simulation Package (VASP) %% at 623 K with

the PerdevSBurke—Ernzerhof (PBE) exchange correlation functional, a 3 x 3 x 1 k-point grid, and an

energy cut@ ev.
supportingttion
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