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Abstract

In this paper we present the microwave properties of tin sulﬁde (SnS) thin ﬁlms with the
thickness of just 10 nm, grown by RF magnetron sputtering techniques on a 4 inch silicon
dioxide/high-resistivity silicon wafer. In this respect, interdigitated capacitors in coplanar
waveguide technology were fabricated directly on the SnS ﬁlm to be used as both phase shifters
and detectors, depending on the ferroelectric or semiconductor behaviour of the SnS material.
The ferroelectricity of the semiconducting thin layer manifests itself in a strong dependence of
the electrical permittivity on the applied DC bias voltage, which induces a phase shift of 30
degrees mm−1 at 1 GHz and of 8 degrees mm−1 at 10 GHz, whereas the transmission losses are
less than 2 dB in the frequency range 2–20 GHz. We have also investigated the microwave
detection properties of SnS, obtaining at 1 GHz a voltage responsivity of about 30 mV mW−1 in
the unbiased case and with an input power level of only 16 μW.
Keywords: ferroelectrics, microwaves, semiconductors, thin ﬁlms, tin sulﬁde, detector, phase
shifter
(Some ﬁgures may appear in colour only in the online journal)
1. Introduction

photodetectors, solar cells, photochemical cells, battery
anodes, and gas sensors [1, 2]. Due to its physical properties
and especially ferroelectricity, SnS is nowadays one of the
most studied two-dimensional (2D) compounds, since it is a
van der Waals material formed by several piled up monolayers [3]. SnS ﬁlms with a few-atom thickness have found
applications in ferroelectric analogue synaptic devices for
artiﬁcial neural network applications [4] and nonlinear optics
[5]. However, the microwave properties of 2D SnS are
completely unknown, as well as the ones of other 2D

Tin sulﬁde (SnS) is a direct bandgap semiconductor (bandgap
Eg =1.3 eV), and a nontoxic and earth-abundant material
used in many photonic and electronic applications, such as
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ferroelectrics. Up to now, the applications of 2D ferroelectrics
are related to switchable rectiﬁcation, ﬁeld-effect transistors
with memory, and ferroelectric tunneling diodes [6]. AlScN is
the single semiconducting ferroelectric [7] that has applications in microwaves at the wafer scale, especially in surface
acoustic wave resonators [8] and Lamb resonators (in this
case, by exploiting its parent material ScAlN) [9].
We have shown recently that HfO2-based ferroelectrics
having a similar few-nanometer thickness have important
applications in microwaves such as phased arrays [10], since the
electrical permittivity εr is considerably tuned at few Volts of
applied DC bias voltages, in deep contrast with perovskite
ferroelectrics where tens if not hundreds of Volts are necessary
to signiﬁcantly change εr. For all the previous reasons, the role
of this work is to extend our previous research to the microwave
applications of semiconducting ferroelectric SnS, which can be
easily grown on silicon dioxide/silicon (SiO2/Si) wafers.

2. Materials and methods
Figure 1. GI-XRD pattern at incidence angle of 0.5°. Diffraction

The SnS ﬁlms with the thickness of 10 nm were deposited in
standard water-cooled RF magnetron, powered at 13.6 MHz.
The target used for the deposition process was fabricated inhouse by pressing SnS microcrystals. The SnS crystals were
synthesized using Bridjman method at the Institute of Electronic Engineering and Nanotechnology. The high purity of the
bulk crystalline SnS resulted from the 5 N purity of Sn and S
initial components purchased from Merck Company. For the
target preparation, the synthesized SnS crystals were crumbled
to small pieces, followed by sieving of the resulted crystallites
using a mesh with holes of 100 μm. The fraction of crystallites
with the diameter less than 100 μm was further used for target
preparation under uniaxial pressure of 200 kg cm−2 in a crucible with a diameter of 50 mm. The RF deposition occurred at
a magnetron power of 80 W in 50 ml min−1 Ar ﬂow, whereas
the pressure in the working chamber was 7.4 mBa. The rotating
substrate was positioned at 80 mm in front of the target and was
heated at 200 °C. The thickness of the ﬁlm was measured
during the deposition process using a quartz sensor with standardized coefﬁcient from Tectra GmbH Thickness Monitor that
allows measurements of ﬁlm thicknesses as low as 0.1 nm.
To obtain information about the structural and compositional properties of the tin sulﬁde layer, x-ray reﬂectivity
(XRR) measurements were performed on a Rigaku SmartLab
diffractometer employing CuKα1 radiation with wavelength of
0.154 06 nm. Reﬂectivity curves were measured in the range
of the incidence angle θi=0−5° with a step width of 0.001°
and a scan rate equal to 0.2° min−1 using a high-resolution
setup with a divergent height limiting slit equal to 5 mm. The
incident and receiving slits were ﬁxed to 0.2 mm. The grazing
incidence x-ray diffraction pattern is shown in ﬁgure 1.
The broad diffraction features were interpreted as overlapped diffraction peaks assigned as (012), (102), (110),
(006), (115), and (106) reﬂections of orthorhombic SnS with
the following lattice parameters: a=0.39 nm, b=0.43 nm,
and c=1.12 nm. The indexing was performed using ICDD
(International Crystallography for Diffraction Data) database

features were identiﬁed as overlapped reﬂections of SnS.

with card no. 001-0984. The results indicate that the SnS thin
ﬁlm has a disordered nano crystalline-like structure, resulted
from the relatively low temperature of the substrate (200 °C)
during the RF deposition process. The SnS stoichiometry was
conﬁrmed by energy dispersive x-ray (EDX) measurements
with Vega TS 5130 Electron Microscope.
The SnS thin ﬁlm was deposited on SiO2 (with thickness
of 50 nm) thermally grown on a 4 inch wafer of high-resistivity
silicon (HRSi, Float-Zone Hyper Pure Silicon (FZ-HPS)
P(100) by Topsil, resistivity ρ>10000 Ω cm), with thickness
of 525 μm. The wafer was cut in samples; one of these samples
is shown in ﬁgure 2(a): it contains (i) structures with two metal
contacts for DC characterization and (ii) other structures for
microwave characterization. Each microwave structure is a
coplanar waveguide line (CPWs, with a total length of 500
μm), in the center of which an interdigitated capacitor (IDC) is
embedded (see ﬁgure 2(b)). The SEM images in ﬁgure 2(c)
show the details of IDC’s digits. The metallization of the CPW
loaded with the IDC was made by electron beam (e-beam)
deposition (Ti/Au, thickness of 10 nm/90 nm, where the Ti
ﬁlm served as adhesion layer). Each IDC is formed by 250
digits and each digit has a width of 250 nm, whereas the gap
between two adjacent digits is 200 nm. The total length of each
IDC is 100 μm. The IDC is embedded into a CPW line with
gap and signal dimensions of 60 μm and 100 μm, respectively,
to provide on-wafer measurements with characteristic impedance equal to 50 Ω (standard reference impedance for
microwave devices and components).
The speciﬁcally designed microwave structure allows
applying a horizontal (i.e. in-plane) external electric ﬁeld Eext
between two adjacent digits of the IDCs with opposite polarizations. This way, it is possible to bias the semiconducting
ferroelectric SnS thin ﬁlm, as the ferroelectricity in SnS can be
observed only when Eext is parallel with the plane of the ﬁlm
itself [3], in contrast with most other ferroelectrics where the
2
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Figure 2. (a) Samples with structures for DC and microwave testing; (b) details of the microwave structures; (c) SEM images of a region of

the IDC.
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3. Results and discussion

external polarization is out-of-plane. The necessity of an inplane electrical polarization creates difﬁculties to demonstrate
the ferroelectricity in SnS when DC and low-frequency AC
measurements are made [3]. Thus, piezo-force microscopy
(PFM) can be made only on corrugated surfaces and the atomicforce microscropy (AFM) tip should not be perfectly perpendicular to the thin ﬁlm surface to be able to collect small amounts
of the polarization signal; more details about PFM and AFM
measurements performed on few-layer SnS can be found in
[11]. For all these reasons, the polarization-electric ﬁeld P(E)
curve cannot be measured directly, as it could give rise to
misinterpretations. However, another way to observe the ferroelectricity from a DC characterization is the current–voltage
(I–V ) dependence, which was measured for SnS thicknesses
ranging from one monolayer (0.6 nm) up to 20 nm, thus evidencing the hysteretic nature of the material. After integration of
the DC current, a broken P(E) curve was obtained with a
coercive ﬁeld of just 10.7 kV cm−1 [11], whereas in other
publications it was around 50–60 kV cm−1 [4], and the remanent polarization value also varies signiﬁcantly from report to
report. These scattered results could be ascribed to the fact that
SnS thin ﬁlms were grown by different methods on different
substrates and mainly due to the strong inﬂuence of the conductivity on the measurement of P(E), which deteriorates and
even destroys the ferroelectric properties when they are investigated under a strong DC ﬁeld. We know that the I–V
dependence of a ferroelectric with vertical polarization represents the leakage current of a metal–ferroelectric–metal (MFM)
capacitor, whereas in the case of in-plane polarization ferroelectrics (like SnS) the I–V curve originates from the superposition of many horizontal current ﬂows and from the current
induced by charges trapped in the surface defects, these charges
being released when the applied DC ﬁeld is exceeding a speciﬁc
built-in ﬁeld. Thus, the effect of the high conductivity of the
SnS as semiconductor is to diminish or even damage its ferroelectric features; hence, the polarization curves appear broken
and not saturated in DC regime, as demonstrated in [12] for a
conductive BiFeO3 ceramic, whose hysteresis loops exhibit a
gap between the starting and ending applied ﬁelds. In fact, the
charge Q associated to the polarization switching depends (in
general) on the remanent polarization Pr, the capacitor area A,
the electrical conductivity σ of the ferroelectric under test, Eext,
and the measuring time t, as follows [12, 13]:
Q = 2Pr A + s Eext A t.

From the previous sections, it is clear that new methods need to
be found to deal with the in-plane ferroelectricity of SnS thin
ﬁlms; therefore, we have chosen the microwave characterization. In this respect, the measurements of the CPW loaded with
the IDC were performed using a vector network analyzer
(VNA, Anritsu 37397D), together with a standard short-openload-thru (SOLT) calibration kit (see [14] and references herein
for more details). The VNA was connected to a DC source
(Agilent E3631A) for the DC biasing of the microwave
structures. We carried out the high-frequency measurements
(see [15] and references herein for a comprehensive review
about microwave measurements of nanoscale ferroelectricbased devices and components) on many structures of the type
shown in ﬁgures 2(b), (c), by applying a DC polarity to each
electrode of the CPW line (more in detail, the two polarities
were equal in amplitude but opposite in sign), then we reversed
the polarity to double check the measured scattering (S) parameters and observe any difference. All the IDCs under test
exhibited a constant electrical behaviour (in terms of S-parameters); this represents an indirect proof of the homogeneity of
the deposited SnS thin ﬁlm. The outcome of this comparison
was that no signiﬁcant change in the reﬂection (S11) and
transmission (S12) coefﬁcients could be observed when the DC
bias polarity was reversed, these results being depicted in
ﬁgure 3. Figures 3(a) and (b) give the evidence (in terms of
|S11|) that the CPW with the IDC is well matched to the
characteristic impedance of 50 Ω for increasing frequencies,
and that the SnS-based CPW structure is essentially a capacitor
over the entire band 0–20 GHz. |S12| is represented in
ﬁgure 3(c) and shows transmission losses around 1 dB from
3.6 GHz (at 0 V) and 5.3 GHz (at 5 V) up to 20 GHz or, in
other words, the unique ferroelectric signature of SnS improves
signiﬁcantly the high-frequency transmission with respect to
other oxide ferroelectrics with larger loss tangent values. A
possible explanation is that the SnS thin ﬁlm involved, representing a nanocrystalline semiconductor material with a large
bandgap, has a reduced number of shallow defects at the
energy levels in microwaves, which are many orders of magnitude smaller than that of the bandgap energy [16]. Thus, the
SnS thin ﬁlm is nearly transparent at microwave frequencies.
Figure 4(a) displays the total phase shift as it was extracted
by the measured phase of the transmission parameter S12: we
see that at 1 GHz we have a total phase shift of about 30
degrees mm−1 for a polarization of ±5 V at the two ports of the
CPW line, then it decreases smoothly to 8 degrees mm−1 at
10 GHz. This is the direct evidence that the SnS is ferroelectric,
since the phase of S12 depends on the applied DC bias voltage
[17]. Figure 4(a) also proves that only slight differences occur
when reversing the polarization sign between the two ports. A
further proof of this fact is the dependence of the effective
permittivity εeff on the DC bias (ﬁgure 4(b)), as it happens in
any ferroelectric. To obtain the curves in ﬁgure 4(b) (never
reported before for SnS), we used the conformal mapping
method (CMM) to derive the capacitance/effective permittivity
of the IDC/multi-layer substrate (respectively), starting from
the following assumptions/considerations: (i) the capacitance

(1 )

Equation (1) states clearly that, for large values of σ
(typically greater than 10−6 S m−1), the polarization contributed
by domain switching is hidden by the conductivity of the ferroelectric material. At the same time, the relative permittivity is
εr =ε′+jε″=ε′+jσ/(ωε0), where ω is the angular frequency. Hence, we can expect that within a certain voltage
range [−Vth, Vth] (where Vth is a threshold DC bias voltage) we
have σ = 10−6 S m−1 and εr ≈ε′=ε′(Vb) (Vb is the bias
voltage), meaning that the ferroelectric behaviour is prevalent.
An increase of σ entails that εr ≈jε″=jσ/(ωε0) or, in other
words, the dependence of εr on Vb vanishes, since the conduction mechanism becomes dominant and the device acts like
a semiconductor diode that rectiﬁes the AC signal.
4
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Figure 3. (a) |S11| dependence on the frequency and applied DC voltage; (b) Smith chart of |S11| dependence on the frequency and applied
DC voltage; (c) |S12| dependence on the frequency and applied DC voltage (inset: magniﬁcation in the band 0–2 GHz).

transmission of the electromagnetic ﬁeld in the propagating
structure [18, 19]. The results shown in ﬁgure 4 also prove that
the phase shift and the change in the effective permittivity are
solely due to the SnS thin ﬁlm, and not intrinsic to the presented
device geometry, nor due to polarization effects in the Si support wafer, since the latter is of the high-resistivity type with a
SiO2 passivation layer interposed between the Si and the SnS.
Hence, there is no reason to attribute the observed macroscopic
ferroelectric effect to the SiO2/Si substrate. Figure 4(b) also
reveals an important property of SnS thin ﬁlms: when
increasing the externally applied electric ﬁeld (via a DC bias
voltage), a saturation of the polarizable charges occurs in AC
regime, which results in a progressive decrease of εeff for
increasing bias values until εeff reaches a plateau (between 4 and
5). In other words, beyond ±4 V (which represents the
threshold bias voltage Vth mentioned previously) the behaviour

of the IDC is mainly due to an equivalent series capacitor,
which in turn depends on the electric ﬁeld applied in-between
the digits; (ii) SnS has a nominal εr =12 at 0 V bias, which is
very close to that of silicon; hence, one can expect that εeff at
0 V is the same as that of an IDC on pure silicon; (iii) the
measured capacitance of the IDC decreases with the applied
bias; hence, a decrease of the effective permittivity is expected
as well [18]. We stress here that the extraction of the relative
permittivity from such multilayer structures based on IDCs on
ultra-thin layers is not a trivial issue. Moreover, for many
applications of interest in the microwave range, εeff is much
more useful, as at high frequencies the signiﬁcance of εr must
be replaced with εeff. εeff depends strongly on εr but, especially
in open guiding structures like microstrip or CPW lines (largely
exploited in microwaves), εeff is much more signiﬁcant as it also
considers the line geometry, i.e. both reﬂection and
5
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Figure 4. (a) Total phase shift as a function of frequency;

(b) effective permittivity of the SnS thin ﬁlm at microwaves for
different bias values.

Figure 5. (a) Measured DC I–V dependence; (b) voltage responsivity
RV as a function of the input power at 1 GHz (inset: RF detection
setup).

becomes predominantly of the semiconductor type and εeff does
not depend on the applied bias anymore. Furthermore, the SnS
has a noticeably high electric breakdown, since applied DC bias
voltages of ±8 V do not have any macroscopic effect on the
electrical properties.
In [11] the authors measured a coercive voltage (i.e. the
minimum voltage at which the ferroelectric switches) of 4.3 V
for few-layer SnS samples with the thickness of 1-2 nm. In
our case, we observed that beyond 10 V the effective
permittivity no longer changes, thus indicating that the
coercive ﬁeld has been already reached.
We also performed DC measurements of the same SnS
CPW structures to verify if the microwave response originates
from a ferroelectric IDC or there is a Schottky junction at the
metal/SnS interface. In this respect, we used a Keithley SCS
4200 station, where the probe station for on-chip measurements
is located inside a Faraday cage, and its channels are connected
to the station via low-noise ampliﬁers. The experimental I–V
dependence is displayed in ﬁgure 5(a). We know that Ti/Au is a

resistive contact for SnS [20], since titanium has a work function comparable to that of SnS. As one can see from ﬁgure 5(a),
in the range [−5, +5] V the SnS thin ﬁlm has a very low DC
conductivity (the average current in the mentioned voltage range
is just 5 nA), which means that the results obtained at microwaves reﬂect the ferroelectric, not semiconducting, nature of the
SnS thin ﬁlm, as it will be detailed in the following.
Finally, we prepared the setup displayed in the inset of
ﬁgure 5(b) to verify the microwave detection properties of
SnS, which presently are unknown. The microwave generator
was used to provide a square wave modulating signal (with
modulation frequency of 100 Hz) to a sinusoidal RF carrier in
the band 0.9–3.5 GHz. The dependence at 1 GHz of the
voltage responsivity RV on the input microwave power is
represented in ﬁgure 5(b) for the case of 0 V bias. This frequency was chosen as the one providing the highest RV in the
considered frequency range. It must not surprise that 1 GHz is
6
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also the frequency at which the phase shift in ﬁgure 4(a) is
maximum. In fact, as demonstrated in [21], an increased AC
conduction of the ferroelectric domain walls in the gigahertz
range occurs in nanometric scale ferroelectrics, which is likely
due to morphological roughening of the walls and local
charges induced by the SnS disordered nano crystalline-like
structure. In other words, this gigahertz conduction manifests
in a twofold way: (i) maximization of microwave phase shift;
(ii) maximization of microwave detection. One can notice that
the responsivity is very good, considering that the research on
SnS is still in its infancy and no SnS-based microwave
devices exist so far to demonstrate its high-frequency capabilities, meaning that no comparison can be made with
standard Schottky detectors. In detail, RV is equal to about
30 mV mW−1 for an input power of −18 dBm (i.e. 16 μW),
whereas between −6 dBm and 6 dBm (i.e. between 0.25 and
4 mW) it keeps an average value of 20 mV mW−1, ﬁnally
decreasing to about 12 mV mW−1 at an input power of
12 dBm (i.e. 16 mW) after an abrupt increase for an input
power of 8 dBm (i.e. 6.31 mW) probably due to nonlinear
phenomena inside the SnS thin ﬁlm (which induce different
RF-to-DC power conversion efﬁciencies). The chosen range
of input microwave power represents the minimum (i.e.
−18 dBm) and maximum (i.e. 12 dBm) power that can be
detected by the SnS layer beyond the noise level and avoiding
distortion phenomena due to intermodulation effects.
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4. Conclusion
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silicon dioxide/silicon wafer by RF magnetron sputtering. In
detail, we have shown that a coplanar waveguide line with an
embedded interdigitated capacitor deposited on the tin sulﬁde
layer acts as a ferroelectric device with in-plane polarization
and low transmission losses in the frequency range
2–20 GHz. Even if the extraction of the dielectric constant
from such multilayer structures on nanoscale ﬁlms is not a
trivial issue, we have obtained the effective permittivity and
the phase shift on a large frequency range and as a function of
the applied DC bias voltage. A big advantage is represented
by the fact that the total phase shift can be engineered at any
desired value by using multiple interdigitated capacitors
connected in series and/or parallel conﬁguration, since the
microwave losses are less than 1 dB all over the band of
interest. This aspect, together with the possibility of depositing the SnS thin ﬁlms directly on silicon dioxide/silicon
substrates, offers promising perspectives of exploiting such
nanoscale semiconducting ferroelectrics into future nanoelectronics for high-frequency applications.
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