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Abstract
In this paper, we present for the first time a field-effect-transistor (FET) having a 10 nm thick
tin sulfide (SnS) channel fabricated at the wafer scale with high reproducibility. SnS-based
FETs are in on-state for increasing positive back-gate voltages up to 6 V, whereas the off-state
is attained for negative back-gate voltages not exceeding −6 V, the on/off ratio being in the
range 102–103 depending on FET dimensions. The SnS FETs show a subthreshold slope (SS)
below 60 mV/decade thanks to the in-plane ferroelectricity of SnS and attaining a minimum
value SS=21 mV/decade. Moreover, the low SS values can be explained by the existence of
a negative value of the capacitance of the SnS thin film up to 10 GHz (for any DC bias voltage
between 1 and 5 V), with the minimum value being −12.87 pF at 0.1 GHz.

Keywords: 2D materials ferroelectricity, ferroelectrics, microwaves, RF magnetron sputtering,
semiconductors, thin films, tin sulfide
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1. Introduction

Tin sulfide (SnS) is a non-toxic, earth-abundant direct band-
gap semiconductor (bandgap Eg=1.3 eV), used in many
photonic and electronic applications, such as photodetectors,
solar cells, photochemical cells, battery anodes, and gas

sensors [1, 2]. SnS is a van der Waals material formed by
piled-up monolayers [3] in a way similar to graphite, which is
formed by many graphene monolayers. Moreover, ultrathin
SnS exhibits giant piezoelectric coefficients [4].

The discovery of 2D materials triggered new research
about atomically-thin SnS having a thickness ranging from a
Sn–S double atomic monolayer up to few double atomic
layers, but not exceeding 10–15 nm. In these ultrathin SnS
films a pure in-plane ferroelectricity emerges [4], and SnS
films with a few-atom thickness have found applications in
ferroelectric analogue synaptic devices for artificial neural
network applications [5], and nonlinear optics [6]. Very
recently, the microwave properties of a 10 nm thick SnS
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with vertical electrical polarization. However, in all vertically
polarized ferroelectric FETs the channel of the transistor is a
distinct material and is located above or below the ferroelectric,
which is an insulator. In deep contrast with the latter situation, in
the proposed solution the ultrathin SnS with parallel electric
polarization is both the channel and the ferroelectric. The
investigation of the negative capacitance in the case of parallel
electric polarization ferroelectrics is a non-trivial topic, which
will be the object of further research in a future paper.
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