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Fig. S1 (a) Synthesis process of single unit-cell-thick tetragonal In,Ss, (b) Fabrication process of a

back-gate field effect transistor based on tetragonal In,S; on the SiO,/Si substrate.

Fig. S2 (a and b) Optical images of synthesised In,S; film showing high degrees of homogeneity

featuring.
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Fig. S3 (a) X-Ray diffraction (XRD) patterns of tetragonal In,S; layer on glass substrates after
multiple printing to gain sufficient signal. (b) High resolution transmission electron microscopic
(HRTEM) image of tetragonal In,S; sheets featuring high quality fully crystalline layers and (c)

corresponding FFT image showing the crystal plane of (103) and (109).
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Fig. S4 (a, b and c) AFM images of In,S; layers with corresponding height profiles (inset). (d)

Statistical distribution of the thicknesses of In,S; layers over 50 samples.
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Fig. S5 X-ray photoelectron spectroscopy (XPS) spectra of (a) S2p and (b) In3d of the commercial

In,S3 micro-sized powder. (c) XPS valance band spectrum revealing the energy difference of 1.40

eV between the valence band maximum (VBM) and Fermi level.
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Fig. S6 (a) Tauc plot of an order-vacancy-enabled In,S; layer derivate from UV-Vis-NIR absorption

spectrum presented in the inset. The optical band gap is estimated to be ~2.3 eV. (b) The

corresponding photoluminescence spectrum. The distinct peak at 548 nm indicates that the

optical bandgap energy is ~2.3 eV.
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Fig. S7 The bandgap energy of ordered-vacancy In,S; determined from the STM/STS

measurements.
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Fig. S8 (a) Scanning tunnelling microscopy/spectroscopy (STM/STS) image and (b) I-V Curve of In,S;3
layer with ordered vacancies on the conductive silicon substrate measured at room temperature.

The inset of graph b presents the Fowler-Nordheim tunnelling. The effective mass of electrons was

estimated to 0.21 m* with R2 of 0.92.
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Fig. S9 The fitting of the band energy shift with respect to the strain variation of tetragonal In,S;

from the theoretical calculation.
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Fig. S10 (a) The calculated dispersion of phonon band of tetragonal In,S;. (b) The corresponding

density of phonon states in the frequency range between 200 and 400 cm™ extracted from the



dispersion of phonon band. (c) Raman spectrum of the In,S; layer. The sample is obtained by

multiple printing to gain sufficient signal.
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Fig. S11 AFM image of the In,S; layer synthesised at 350°C with corresponding height profile

(inset).
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Fig. S12 Comparison of XPS spectra of (a) In3d and (b) S2p of the multiple printed In,S3 layer

synthesised at 350 and 450°C.



Fig. S13 (a) HRTEM and (b) STM images of In,S; layer synthesised at 350°C.
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Fig. S14 XRD patterns of In,S; layers synthesised at 350 and 450°C on glass substrates after

multiple printing in order to gain sufficient signal.
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Fig. S15 (a) A typical source—drain current curve of a FET based on random-vacancy In,S; layer
synthesised at 350°C measured by altering the applied back-gate voltage for source—drain voltage
varied from 0.05 to 1 V with channel length L =9 um and channel width W = 3 um. the extracted
field effect mobility is ~1.02 cm?V-1s1, (b) The current across drain and source (/ps) for a device
versus the drain-source voltage (Vps) at different applied gate voltages (Vss) ranged from —40 to 40

V of the corresponding device.

Note S1: The crystal growth direction of ordered-vacancy tetragonal In,S;3

From the XRD pattern shown in Fig. S3a, the diffraction peaks at 14.2°, 27.4°, and 33.21° can be
ascribed to the (103), (109), and (1011) crystallographic planes of tetragonal In,S; (JCPDS Card No.
25-0390), respectively. This confirms the highly crystalline nature of the wafer-scale grown
atomically-thin film and indicates the crystal growth direction is along the a- or b-axis. The high-

resolution transmission electron microscopy (HRTEM) image in Fig. S3b shows a lattice spacing of
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0.62 nm, corresponding to the (103) plane of tetragonal In,S;. The corresponding Fourier

transform (FFT) pattern in Supplementary Fig. 3b further confirms the lateral growth direction.

Note S2: Measurement of effective electron mass for ordered vacancy enabled In,S;
The tunnelling current in which describe electrons tunnel from tip into the conduction band can be
estimated and modelled using Fowler—Nordheim equation S1 as below™:

,  8nf2m’ (s1)
ItOC U eXp(W

0*/*2)
where It is tunneling current, U is bias voltage, m" is effective mass of an electron, e is the charge
of an electron, ¢ is the barrier height, Z is the distance between tip and sample and " is Planck's
constant. The proportionality is changed to equality incorporating a constant #1. Further assuming

constant ¢ and Z during acquisition of an |-V curve, the equation S1 can be derived and simplified

into the following equation to include constant %2 1,

Jm* (52)
T,

I, =a; X Uzexp(O(2

Based on the STS I-V curve shown in Fig. S8 b, m"is measured to be 0.21 m* with reliable

coefficient, R*t0 be 0.92 through the fitting method as described in the experimental section.

Note S3: In,S; with randomly distributed vacancies and its electrical performances

The decrease of sulphurisation temperature to 350°C does not change the thickness of printed
In,S3 layer according to the AFM image shown in Fig. S11. In addition, XPS spectra in Fig. S12 show
that the binding energies for In 3ds/, and 3d;/, peaks are similar to those of the 450°C sample. The
S 2p3/; and 2py/, peaks are observed at 161.6 and 162.6 eV, respectively for both 350 and 450°C

samples . Two additional S peaks are also seen at 163.8 and 164.8 eV, which are both ascribed to
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the bridging S atoms > 6. The high-resolution transmission electron microscopy (HRTEM) and
scanning tunnelling microscopy (STM) images in Fig. S13 indicates the formation of defective
surface for the 350°C sample. More importantly, according to the XRD patterns shown in Fig. S14,
both peaks originally at 14.2° and 33.21° for the 450°C sample are slightly shifted to the left when
lowering the sulphurisation temperature to 350°C, while the intensity ratio of the peak at 27.4°
over that of 14.2° is significantly increased simultaneously. Such observation indicates that the
highly defective structure leads to the crystal transformation from originally tetragonal enabled by
ordered vacancies to cubic which is known to be stabilised by randomly distributed vacancies ’.
The disappearance of the ordered vacancy structure results in the dramatic reduction of the field

effect electron mobility from ~56 to ~1 cm?V-1S? (Fig. S15).

Table S1: The calculated transport parameters of tetragonal In,S;

Parameter m*/ mg G E, (eV) U (€M2VIST) T (fs)
(GPa)
e h Ci e h e H e h
Values 0.153 23.14 48 13.6 4.5 1748 0.05 152 0.65

Where C;; refers to the elastic constant of the longitudinal acoustic wave along the transport
directions, m" is the effective mass, e is the electron carrier, h is hole carrier and the term Ey4

represents the deformation potential constant.
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Table S2: Comparison of the electrical performances of our FETs with those based on reported

large-scale grown 2D metal chalcogenides.

Materials Method Mobility On/off Gate Gate Gate References
(cm?v-1s1)  ratio type oxide electrode
WS, ALD 3.9 NA Top gate HfO, Ti/Au 8
MoS, MOCVD 30 106 Top gate HfO, Ti/Au 9
WS, MOCVD 18 NA Top gate HfO, Ti/Au 3
MoS, CVD 12.24 106 Back gate SiO, Au 10
MoS, CvD 0.03 NA Back gate SiO, Ti/AU u
GaS vdW 0.2 150 Back gate SiO, WS, 12
Exfoliation
+CVD
MoS, CVD 0.04 NA Back gate SiO,  Ti/Au 13
MoS, CVD 6 10° Back gate SiO,  Ti/Au 13
MoS, CvD 17 103 Back gate SiO,  Graphen 14
e
MoS, CvD 0.46 106 Back gate SiO,  Graphen °
e
MoS, CvD 3.6 106 Back gate SiO, Ti/Au 16
MoS, CvD 54 10° Back gate SiO, Ti/Au v
MoTe, PVD 10 10° Back gate SiO, Pd 18
MoS, CvD 6 106 Back gate SiO,  Ti/Au 19
MoS, CvD 17.2 106 Top gate ZrO, Graphen 20
e
In,S; vdW 58 104 Back Si0O, Cr/Au This work
Exfoliatio gate
n +CVD
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