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The study aimed at the investigation and application of SnS thin film semiconductor as a channel layer semiconductor in the assembly
of an electric double layer field effect transistor which is important for the achievement and development of novel device concepts,
applications and tuning of physical properties of materials since the reported EDLFET and the modulation of electronic states have so
far been realised on oxides, nitrides, carbon nanotubes and organic semiconductor but has been rarely reported for the chalcogenides.
Honey was used as a gel like electrolytic gate dielectric to generate an enhanced electric field response over SnS semiconductor channel
layer and due to its ability to produces high on-current and low voltage operation while forming an ionic gel-like solution similar to
ionic gels which consist of ionic liguids. SnS gated honey Electric double layer field effect transistor was assembled using tin sulphide
(SnS) thin film as semiconductor channel layer and honey as gate dielectric. The measured gate capacitance of honey using LCR meter
was measured as 2.15 uF/ cm? while the dielectric constant is 20.50. The semiconductor layer was deposited using Aerosol assisted
chemical vapour deposition and annealed in open air at 250°C on an etched region about the middle of a 4x4 mm FTO glass substrate
with the source and drain electrode region defined by the etching and masking at the two ends of the substrate. Iridium was used as the
gate electrode while a copper wire was masked to the source and drain region to create electrode contact. The Profilometry, X-ray
diffraction, Scanning electron microscope, Energy dispersive X-ray spectroscopy, Hall Effect measurement and digital multimeters
were used to characterise the device. The SnS thin film was found to be polycrystalline consisting of Sn and S elements with define
grains, an optical band of 1.42 eV and of 0.4 um thickness. The transistor operated with a p type channel conductivity in a depletion
mode with a field effect mobility of 16.67 cm?/Vs, cut-off voltage of 1.6 V, Drain saturation current of1.35uA, a transconductance of
-809.61 nA/V and a sub threshold slope of -1.6 Vdec! which is comparable to standard specifications in Electronics Data sheets.
Positive gate bias results in a shift in the cut off voltage due to charge trapping in the channel/dielectric interface.
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A transistor is a three terminal semiconductor solid state device used for the amplification and switching of electronic
signals. Transistors are classified into bipolar junction transistors (BJT) and the field effect transistors (FET) [1]. The
field effect transistor utilises only the majority charge carriers for electrical conduction. The FET consist of a source
electrode, drain electrode, gate electrodes and a semiconductor active channel region such that an applied electric field
via the gate voltage is used in controlling the channel conductivity with a flow of charge carriers from the source electrode
to the drain electrode [2].

An electric double layer may be defined as a nano gap capacitor with a large specific capacitance which on
application of low gate voltage can electrostatically modulate the semiconductor channel layer of a field effect transistor
by the accumulation of electric charge carriers at the interface between the semiconductor layer and the gate dielectric [3].
An electric double layer field effect transistor (EDLFET) with an advantage of reduce operational voltage due to such a
large specific capacitance could be formed from the nano gap electric double layer capacitor by the replaced of one of the
capacitor’s electrode with a semiconductor material alongside the other electrodes in the capacitors configuration [4].

Electric double layer field effect transistors are of emerging interest in the mimicking of biological synaptic
functions, electric control of ferromagnetism, signal processing and sensing in medical physics which requires a low
operational voltage and high charge carrier concentrations [5]. The operation of a field effect transistor with a low
operating voltage and higher carrier concentration is essentially dependent on the choice of semiconductor channel layer
material and the gate dielectric among other parameters since the threshold voltage (Vi), which is the voltage required in
switching a transistor is dependent on the semiconductor material [3] and also the minimum gate to source voltage
differential that is needed to create a charge carrier conducting path between the source and drain is dependent on the
semiconductor channel layer in an EDLFET.

However, the reported EDLFET and the modulation of electronic states have been so far realised only on oxides,
nitrides, carbon nanotubes and organic semiconductor. Therefore, the application of the electric double layer field effect
transistor technique to other semiconductor materials has become one of the emerging interests for novel electronic
phenomena. This trend is increasingly important for the achievement and development of novel device concepts,
applications and tuning of physical properties of materials [5].

Metal chalcogenides (MX-where M denote metal (usually transition metal) and X denote chalcogen) such as Tin(II)
sulphide (SnS) and metal dichalcogenides (MX,, where M and X denote metal and chalcogen respectively) such as

© Thomas Daniel, Uno Uno, Kasim Isah, Umaru Ahmadu, 2019



https://orcid.org/0000-0002-5176-9181
https://orcid.org/0000-0001-6693-5894
https://orcid.org/0000-0002-9670-7697
https://orcid.org/0000-0001-5966-0853
https://doi.org/10.26565/2312-4334-2019-3-09

72
EEJP. 3 (2019) Thomas Daniel, Uno Uno et al.

Tin(IV) sulphide (SnS,) are of interest as potential candidates for the transport channel of EDLFET. Chalcogenides are
materials containing a transition element and one or more chalcogen elements (Silicon, Selenium,
Polonium and Tellunum). They found vital applications in solar cells, photoconductive

materials, thermoelectric materials, rewritable memory, studying of dopant induced superconductivity, charge density
formation and transistors. SnS is abundance in the earth’s crust, SnS is one of the Tin chalcogenides semiconductors, it
possess the an orthorhombic crystal structure, it has good air stability, the constituent elements are abundant in nature and
not expensive [6], it is not toxic; it is a mostly a p type semiconducting material with carrier concentration on the order
of 10'%em3, hole mobility of 1.4 cm?>V-'s! and low resistivity [7]. The SnS is relatively unexplored for application in
electric double layer thin film field effect transistor, as existing literatures on the application of SnS thin film as
semiconductor channel of an electric double layer field effect transistor is relatively scanty or not available. Hence the
SnS thin film is a potential semiconductor to test the feasibility of the chalcogenides as a semiconductor channel layer for
application in an electric double layer field effect transistor.

Consequently, the article focuses on the use of SnS as a channel layer in an EDLFET and honey as the gate dielectric.
Honey was reported to possess the ability to produces high on-current and low voltage operation while forming an ionic
gel-like solution similar to ionic gels which consist of ionic liguids. It has recently shown ideal transistor performance as
a electrolytic gate dielectrics in Graphene field effect transistors using liquid metal interconnects [8].

MATERIALS AND METHOD

For the assembling of SnS EDLFET, FTO glass substrate was cleaned using the cleaning methods described as
follows: a. the substrates were washed in sodium lauryl sulphate (SLS) solution to remove oil and protein. b. To remove
the organic contaminants, the substrates were immersed in piranha solution (H>SO4: H>O, (3:1)) for 30 minutes. ¢. The
substrates were then ultrasonically cleaned in distilled water using a sonicator and kept in methanol until it is ready to be
used. d. Finally, to use the substrate for deposition process, the substrate were taken from the methanol and dried in air at
150°C after which it was used for the assembling of the SnS EDLFET. A 4x4 mm FTO glass was masked (from both ends
to create the drain and source contact respectively) and then etch about the middle using Zinc powder and Hydrochloric
acid as the etchant in order to create the semiconductor channel region. A 0.40 pum SnS thin film was deposited on the
etch region with a channel length of 70 um and channel width of 4000 um by AACVD to serve as the semiconductor
channel layer. The SnS semiconductor channel layer was deposited using 0.1 M Tin chloride dehydrates (BDH) and 0.2 M
of Thiourea (BDH) which was weighed in stoichiometric proportion and dissolve in ethanol solvent. The two solutions
were mixed and stirred for 1 hour using a magnetic stirrer at room temperature, after which the resulting solution was
filtered through a 0.22 pm syringe filter and then deposited on the substrate by aerosol assisted chemical vapour deposition
(AACVD) at a constant substrate temperature of 258 °C, nozzle distance of 6.8 mm, substrate to nozzle distance of 3 cm,
spray volume of 0.2 mL and spray rate of 0.04 ml/min. With the Drain and Source region still masked, the deposited SnS
thin film semiconductor channel layer was annealed in open air at annealing temperature of 250°C for one hour after

which it was allowed to cool to room temperature before undergoing characterisation.
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Fig. 1. A schematic diagram of the SnS EDLFET ﬁtllttiﬁzttzrrs SSEYD,}%% 0 5820(:% gig:z{

Multimeter). The Vg applied to the Ir

electrode was scanned from 0 to 1 V by 0.2 V step. The quality of the EDLFET was determined by measuring the gate
current Ig for a gate voltage Vg. A schematic of the SnS EDLFET is shown in Fig. 1.
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CHARACTERISATION TECHNIQUES FOR THE DEPOSITED SNS THIN FILM

The crystal phase analysis was carried out at room temperature using an X-ray diffractrometer (D8 Advance, Bruker
AXS, 40Kv, 40 mA) with monochromatic CuKa (A=1.540598 A) over a scan mode of step size 0.034° and counts
accumulated for 192.1 s at each step for 20 ranging from 20° to 80°. The XRD diffractogram was obtained using Origin
Pro 2018 software with the FWHM for the peaks estimated using a Gaussian function. Results was analysed with the
scientific graphing analysis software and phase identification was done using the inorganic crystal structure data (ICSD)
pattern [9].

The lattice parameters a, b and c value for the orthorhombic crystallographic system of Tin (II) sulphide thin film
was calculated from the observed values of 26 using d values (interplaner spacing) for the orthorhombic structure [10]:

2 2 2
1/d2 =h a2+k /b2+l /C2~ (1

XRD pattern of the film was first indexed after which three peaks whose (hkl) is known were selected and resolved for a,

b and c lattice constants of the SnS thin film which is also equivalent to:
a=—= bcsma; =_1 — acsing ;€= L= Y \where V (unit cell volume)=abc (for orthorhombic), d is the
dio1 v doso 4 doo2 v

space between lattice planes, h k 1 are the miller indices while «, 3, y are the diffraction angles.

hkl

The inter atomic spacing d was calculated from the Bragg’s equation [11]:

2d sin 0 = n4, 2)
y!

d= 3)

= 2sin6’

Where n=1, A=1.5406A°

The average crystallite size of the film was calculated using Debye Scherer’s formula [11] assuming spherical
K24

3Cos0 which can also be written as

crystallite: Crystallite size =

092
" Bcosd’ “4)

Where B = full width at half maximum (FWHM), 6 = diffraction angle, k = Shape factor and A = wavelength of the X-
rays (1.5406 A) and D= grain size respectively.
Dislocation density & was calculated using the equation [12]:

1

Where D is the grain size of the film. The micro-strain € was estimated using the equation [13]:
__B
&= 4tan’ (©)

Quantitative information about the preferential crystallite orientation of the SnS thin films was obtained from the
texture coefficient (TC) which represents the preferential growth of certain planes compared to randomly oriented
crystallites and was determined from the relation [14-15]:

/1o
Te (Yn) ZN<I/IO). @
Where: I is the measured intensity of the intense peak in the XRD spectrum, I, is the intensity for completely random
sample or the standard intensity of the hkl plane taken from the JCPDS 00-039-0354 card and N is the number of
reflections considered in the analysis.

The morphology and the microstructure of the SnS thin film was characterized using High Resolution Scanning
Electron Microscopy (HR-SEM, Zeiss) while the elemental composition of the films were determined by an Energy
dispersive X-ray spectroscopy (EDS; Oxford instrument) attached to the SEM . The instrument was operated at a voltage
of 20 kV while the images were captured at 5 kV. A Profilometry (VEECO DEKTAK 150) was used to carry out
measurement of the thickness of the deposited films.

Electrical Characterisation
The carrier density, carrier mobility and carrier type were determined by an ECOPIA Hall Effect measurement
system (HMS 3000 Hall measurement system) based on Van der pauw configuration. Two variable power supplies
(KOOCU DC Power supply 1502DD with voltage variation of 0-15 V and ATX-650W, hp invent with voltage variation
of 0-12 V) and two Multimeter (CHY VC 890C* digital Multimeter and DT9205ACE digital Multimeter) were also used
to determine the electrical behaviour of the fabricated transistor. The temperature dependent resistance measurement of
the deposited film was carried out in the temperature range of 283 to 523 K.
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Evaluation of device performance of the fabricated EDL field effect thin film Transistor

The electrical behaviour of the SnS channel EDL field-effect transistors was evaluated by the plot of drain current
(Ip) versus the drain-source bias which is called the output characteristics and the gate-source bias (Vgs) which is called
transfer characteristics. To evaluate the device performances, electrical parameters such as field-effect mobility (urg), cut
off voltage, drain saturation current threshold voltage (Vu), transconductance and sub threshold swing (SS) were mainly
considered as follows:

The x-axis value at the intercept of the transfer curve gives the value of Gate to source cut-off voltage (Vgs (orr))
while the y-axis intercept gives the drain saturation current(Ipss). The transconductance (gm) which is simply the slope of
the transfer characteristics was calculated using [1]:

Alp

Im = 3yos )
The field effect mobility pre was also obtained from the transconductance at low Vps by:
My tom - ©)

WCiVps

Where C; is the capacitance per unit area of the gate dielectric, w is the device width while L is the device length.
The mobility is the average drift speed of carriers under the unit electric field.
The sub threshold swing (SS) which reflects the necessary Vg required to increase Ips by an order of magnitude in the sub
threshold region (Vgs < Vi) was determined as the inverse of maximum slope of the transfer curve given as:

_ (dlog(ips)\ !
ss = (*2ies) (10)
RESULTS AND DISCUSSION

Compositional analysis of the annealed SnS thin film
The thickness of the SnS thin film was measured to be 0.40 pum thickness from the profilometry result. The main
constituents’ elements and their relative concentrations are given in table 1.The annealed SnS thin film was brown in
colour, smooth, pin hole free and adheres firmly to the glass substrate surface. No significant colour change was noticed
with annealing of the firm.

Table 1
SnS thin film elemental composition (atomic percent) at varied annealing Temperatures.
Annealing Sn (at.%) S (at.%) Sn/S at %ratio SnS (Total)
Temperature (°C)
250 37.28 62.72 0.594 100

Fig. 2 gives the EDX spectrum of the SnS thin film deposited at annealing temperature of 250°C. From the figure, it
is evident that the film contained Tin (Sn) and Sulpur (S) elements. However Na, Ca, Si, Cl and Ca elements were also
observed which could be attributed to the glass substrates used. Similar observation was also made by [10,16]. The relative
concentrations of Sn and S on the samples were evaluated as given in table 3.1 and by the EDS spectrum.
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Fig. 2. EDS spectrum of the SnS thin film semiconductor channel layer

XRD Analysis
Fig. 3. shows the XRD pattern of SnS thin film annealed at 250 °C annealing temperature. The XRD spectra of SnS
thin film annealed at annealing temperature of 250 °C is shown in fig 3 where the peaks which were identified using the
JCPDS card number 39-0354 data are labelled with corresponding orientations using the miller indices. All reflections
were indexed to orthorhombic SnS phase as compared with the standard JCPDS card. The X-ray diffractogram or
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spectrum of the annealed film exhibited peaks of different orientations at 20 values of approximately 29.3°, 31.7°, 45.5°
and 62.1° corresponding to (101), (040), (002) and (202) peaks. No impurities peaks of elemental sulphur, tin or other tin
sulphide phases were identified in the XRD pattern of the annealed films which buttress the formation of pure SnS phase.
The annealed SnS films were polycrystalline and showered an orthorhombic structure with calculated lattice parameters
of a=0.429 nm, b=1.123 nm and ¢=0.399 nm and an observed d spacing of 2.8194 (°A). The calculated texture coefficient
values of the SnS semiconductor channel layer is given in Table 2.

12000
10000 -
El
S 8000 -
Ky
‘@
£ 6000 -
D
=
4000 -
] 040
2000 - 1014'\\ 002 202
et i ww\«w%
o T T T T T 1
20 30 40 50 60 70 80
26 (°)
Fig. 3: XRD pattern of the SnS thin film semiconductor channel layer
Table 2.
Texture coefficient value for the SnS semiconductor channel laye
S/N | Annealing Texture coefficient (TC)
Temperature °C TC(101) TC (040) TC(002) TC (202) TC(080)
1 250 0.46 2.52 0.50 0.51 0

The value obtained shows that the TC value of (040) plane of annealed SnS semiconductor channel layer component
are larger than 1 which reveals that the SnS thin film is polycrystalline with preferred orientation along the (040) plane
denoting that the number of crystallite and grains along this plane is more than that on the other planes [14, 15, 17]. The
peak associated with the (040) plane was used to calculate the crystallite size and other structural parameters been the
preferred orientation of the annealed SnS thin film. The calculated average crystalline size, dislocation density and micro
strain for the film is shown in Table 3.

Table 3.
Average crystalline size, dislocation density and micro strain for the SnS semiconductor channel layer
S/n Annealing Full width half 20 (°) Grain Dislocation Micro strain
Temperature (°C) maximum size density £x107*
B (©) D (nm) 8 x 10
(Lines/m?)
1 250 0.12644 31.71153 65.30 235 5.31

The large average crystallite size obtained could also be attributed to the decrease in grain boundary and reduction
in crystal system deformations which signifies increase in degree of perfection of grains with the removal of defects and
healing of pores as a result of less number of grain boundaries, decrease in defects density and decrease in donor sites
trapped at the dislocation and grain boundaries. Furthermore, crystallites ranges in size from small to large and crystallites
as a result the smallest crystallite often possess the largest surface area to volume ratio such that given the higher surface
area, they are more likely to be fragmented with annealing thereby enhancing crystal growth.

SEM analysis
The scanning electron microscopy results/micrograph at magnification of 20000 x for the semiconductor channel
layer is shown in Fig. 4.
The average grain size of the SnS thin film semiconductor channel layer was calculated using imageJ software [18]
and the histogram of the grain distribution is given in Figure 5. Otsu’s thresholding method and particle analysis [19] was
used after which statistical analysis of the data was made with histogram generated to study the grain distribution and
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average grain size determined from the average particle size assuming round particles as confirmed by the analysis. The
particle analyser was configured in a size range of 0 nm? to infinity in other to allow for coverage of smaller particles.
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Fig. 4. SEM micrograph of the SnS semiconductor channel Fig. 5. Grain size histogram plot for SnS semiconductor channel
layer layer annealed at 250 °C annealing temperature

The average grain size was found to be 137.53 nm. The histogram shows a non-uniform grain concentration and
distribution at grain size range of 0.0 to 100 nm for the samples. The grain size distribution at 0.0 to 100 nm is larger than
that of 100 to 350 nm range. There tends to be a preferred grain distribution and growth defining factor at 100 nm for all
the samples which could be related to the preferred crystal orientation earlier defined by the XRD results. The increase in
grain distribution from 0 to 100 nm range is followed by a decrease from 100 to 350 nm in all samples which could be
attributed to initialisation of grain stability and uniformity at the range of 100 to 350 nm. The closely packed nature of
the grains to each other reveals good adhesiveness of the deposited SnS thin film to the glass substrate. The larger grain
sizes could enhance reduction in grain boundaries and potential barrier there by releasing charge carriers that were trap
so as to further enhance carrier conductivity.

Temperature dependence of electrical conductivity
The temperature dependence of electrical conductivity of the deposited SnS thin film was studied by heating to a
temperature of 300 °C after which the resistivity/conductivity was measured as the temperature reduced by 5 °C intervals.
The obtained data was analysed using Arrhenius equation [20]. A plot of In (6/ay) versus (1/T) is given in Fig. 6.

In {o/5,)
n

1.6 ' 1.8 ' 20 ' 2?2 ' 2?4 ' 26 ' 28 ) 3.0
1000/T (K™)
Fig. 6: The dependence of In (a/0y) versus (1000/T) for SnS thin film

The average activation energy of the charge carriers evaluated from the slope of the curve was obtained as 0.520 eV.
The value of the activation energy could be attributed to the deep acceptor states stemming from the Sn Vacancy which
plays significant role in p type carrier conductivity of the SnS semiconductor. The excess of Sulpur which is also evident
in the elemental composition of the film, induces a proportionate Sn vacancy sites such that every anion would introduce
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two positive type (p-type) conductor which is supported by the fact that the activation energy of the SnS thin film depends
on elemental ratio, presence of crystal defect and the deposition method used. The SnS film conductance was observed
to increase with temperature which indicates the semiconducting behaviour of the thin film. The excitation of charge
carrier from valence band to conduction band could be responsible for the rise of conductivity [14].

Hall effect measurement for the SnS semiconductor channel layer
The measured electrical parameters of the SnS semiconductor channel layer from the Hall Effect measurement
are given in Table 4.

Table 4.
Hall effect electrical parameters for the SnS semiconductor channel layer
Annealing | Bulk concentration Average Carrier Resistivity Conductivity
Temperature Np (cm™) Hall mobility p (Qcm) o (Qcm)’!
(°C) coefficient | p (cm?Vs)
Ry (cm’/c)
250 3.167x10" 1.971x10" 1.619x10° 1.025x10% 9.756x107

From Table 4, the average hall coefficient of the annealed SnS semiconductor channel layer is positive which
indicates that the semiconductor channel layer is of p type carrier conduction with holes as majority carriers. Annealing
increases carrier concentration, reduce resistivity due to improvement in crystallisation, greater grain size with annealing
lead to decrease in defects density and crystal boundary which reduces resistivity hence increasing conductivity. This
could be explained by the fact that annealing leads to improved crystallisation and increase in grain size in the films which
could enhance the decrease of crystal defects and crystal bonding reduction, hence the release of trap electron and decrease
resistivity [20].

The SnS EDLFET assembly

Fig. 7. shows a picture of the assembled SnS semiconductor channel layer Electric double layer field effect transistor
with Honey gate dielectric. The measured gate capacitance of honey using LCR meter is 2.15 pF/ cm? while the dielectric
constant is 20.50. Honey was used as a gel like electrolytic gate dielectric to generate an enhanced electric field response
over SnS semiconductor channel layer. Due to the polarizability of honey, a diffusion of charge is formed at the thin layer
between SnS semiconductor channel and honey. The thin layer forms an electric double layer which is a basic
characteristics of ionic liguids contact with conductive materials and is as shown in Fig. 8.

A large charge gradient is formed on the surface of the SnS layer due to the nanoscale separation distance of the
electric double layer. Application of positive gate voltage will cause the gate electrode to be positively charged such that
when it is submerged in honey, anions accumulate at the gate/honey interface and cations at the honey/SnS interface. The
electric double layer form at the honey/SnS interface alters the SnS semiconductor channel layer conductivity. Increase
in positive Vgs will deplete the SnS channel of its free holes thereby turning it off.
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Fig. 7. SnS semiconductor channel layer Electric double
layer field effect transistor with Honey gate dielectric

Fig. 8. Representation of charge distribution in honey/ SnS layer
interface

Transfer and output characteristics of SnS EDLFET
Fig. 9. shows the transfer characteristics (Source drain current Ips as a function of gate bias V) of the SnS EDLFET
gated by honey dielectric at room temperature. While Fig. 10. Shows the output characteristics of the SnS honey gated
EDLFET. The channel length for the device is 70 um while the channel width is 4 mm.
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At all values of the Vg used the gate current [g< 10-Ids which signify that the fabricated device operates as a field
effect transistor and specifically an electric double layer field effect transistor. From Figure 9, it is evident that the SnS
EDLFET is a P channel device since the channel conductivity decreases with increasing positive gate bias. The Ipg
increased with decreased in Vs scanning which indicates a typical p-type transistor operation in the device. The device
also operates in depletion mode, i.e. appreciable drain current flows at zero gate voltage as evident from the Vgs=0V
drain current which is judged from the zero bias current in the transfer curve. The SnS EDLFET worked in a depletion
mode with a normally “ON” state (i.e conducting without the application of gate bias voltage) which could be attributed
to the maximum current flow from the source to drain when no difference in voltage exist between the gate and source
electrodes.
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Fig. 9. Transfer curve of SnS honey gated EDLFET Fig. 10. Output curve of SnS honey gated EDLFET

The drain saturation current Ipss as determined from the transfer curve at zero gate to source voltage (Vgs=0) and
an applied drain to source constant voltage of 3V is 1.35 pA. This gives the maximum limiting current that can flow
between the drain and source at Vgs=0. The drain current was observed to increase linearly then began to pinch off at the
knee of the transfer curve at Ipss. The Ipss is temperature dependent with a negative temperature coefficient of
approximately -0.5/°C. However with further application of gate voltage (positive Vgs than (Vgs (ofn), the drain source
channel could become more resistive by the changing size of the depletion region under the gate area such that the
transistor is completely shuts off due to the depletion or shutting off of the majority charge carriers in the semiconductor
channel.

From the transfer curve, the gate to source cut off voltage (Vs (ofn) was found to be 1.6 V which is the fundamental
characteristics specifying the voltage necessary to turn the transistor device off. The gate to source voltage for a p channel
device ranges from Ov for full conduction to several positive volts to turn it off. The 1.6V positive Vgs (less holes and less
current) will deplete the SnS channel of its free holes thereby turning it “off”. The low Vs (orry could enhance the choice
off circuit design parameters. Vs (o shifts with temperature and has a negative temperature coefficient of approximately
-2mV/°C.

The transconductance which gives the amplifying factor of the transistor was obtained from the slope of the transfer
characteristics as -809.61nA/V. The voltage required to increase the drain current by a factor of 10 which is also called
sub-threshold slope (S) was estimated to be -1.6 Vdec™! from the curve of Log (Ip) versus Vgs. It could be attributed to
the presence of small carrier traps in the SnS thin film which might not necessarily include the grain boundary and is
suitable for the switching of devices in active matrix flat panel displays.

The field effect mobility obtained from the transconductance is 16.67 cm?/v at low Vps. The mobility value implies
more carriers passing through the channel per unit time which is essential for a FET and has the advantage of enhancing
higher screen luminance.

Fig. 10 shows the output characteristics (In-Vps) of the SnS EDLFET transistor measured at gate voltage (Vg)of 0.2
to 0.8 V with a 0.2 v scan which also supports the field effect transistor operation. No appreciable hysteresis was observed
in the output characteristics, indicating that the channel is stable once it is formed. The Ip curves are flat at low Vps
indicating that a condition of hard saturation is achieved due to complete pinch off of the channel. No clockwise hysteresis
was observed which could be attributed to the non-availability or absence of continuous filling of traps by accumulated
channel holes as Vps is first increased from zero to a maximum of 0.8 V, then decrease back to 0 V. The fact that the Ip-
Vps characteristics curve do not show counter clockwise hysteresis indicates that ionic drift is not significant.

CONCLUSION
The Electric double layer field effect transistor was assembled using tin sulphide (SnS) thin film whose thickness
and annealing temperature were earlier optimised as semiconductor channel layer and honey as gate dielectric. The
semiconductor layer was deposited using Aerosol assisted chemical vapour deposition (AACV) and annealed in open air
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at 250°C on an etched region about the middle of a 4x4 mm FTO glass substrate with the source and drain electrode region
defined by the etching and masking at the two ends of the substrate. Iridium was used the gate electrode while a copper
wire was masked to the source and drain region to create contact. The thicknesses of the SnS layer was measured using
profilometry, X-ray diffraction was used for phase and crystalline orientation, Scanning electron microscope was used to
study the film morphology, the elemental composition of the film was determined by an Energy dispersive X-ray
spectroscopy, Hall effect measurement and digital multimeters were a used to determine the SnS conductivity type,
conductivity and the transistor characteristics. The SnS thin film was found to be polycrystalline consisting of Sn and S
elements with define grains and of 0.4 um thickness.

The SnS EDLT using honey as gate dielectric operated as p type channel in depletion mode with Ips of 1.35 pA,
Vs (o= 1.6 v, Trans conductance of -0.80961 pA/v, field effect mobility of 16.67 cm?/v and sub-threshold slope of 1.6
vdec™! which are applicable as load resistors in synaptic transistor network, biosensor, logic gate circuits and in depletion
load logic circuits. RF 9640, B15P are popular p channel depletion mode transistors in use.

Conclusively, very scanty reports have been made or exist on the study of SnS thin film applied to electronics as a
semiconductor channel layer. SnS EDLFET using honey as gate dielectric offers an opportunity for further research and
innovation into other materials that are unconventional in the expectation discovering new semiconductor and dielectric
materials that are readily available and non-toxic. To the best of our knowledge and within the limit of available literature,
no SnS based EDLFET has been reported hence making the results described here innovative to the scientific community.

Declaration of interest: none.

ACKNOWLEDGEMENTS
This research did not receive any specific grant from funding agencies in the public, commercial, or not-for-profit sectors,
However, the authors acknowledged the Staff and management of Alex Ekwueme Federal University Ndufu Alike Ikwo, Ebonyi state,
Federal University of Technology Minna, Sheda Science and Technology (SHESTCO), Namiroch research laboratory Abuja, iThemba
Laboratory South Afica and the electron microscopy unit of the University of Western Cape, South Africa for their various
contributions.

ORCID IDs
Thomas Daniel “https://orcid.org/0000-0002-5176-9181, Uno Uno‘“'https://orcid.org/0000-0001-6693-5894,
Kasim Isah “https://orcid.org/0000-0002-9670-7697, Umaru Ahmadu“https://orcid.org/0000-0001-5966-0853

REFERENCES

[1] B.L. Theraja and A.K. Theraja, 4 Textbook of Electrical Technology. (S. Chand & company Limited, Ram Nagar New Delhi,
2007), pp.356-396.

[2] S.F. Akande and B.J. Kwaha, Basic principles of Electronics. (Jos University press, Plateau State, Nigeria, 2007), pp. 23-35.

[3] H.Du, Xi. Lin, Z. Xu and D. Chu, Springer. (2015), DOI: 10.1007/s10853-015-9121-y.

[4] K. Po-Jui, C. Sheng-Po and C. Shoou-Jinn, Electronic mater let. 10, 89-94 (2014).

[5] H. Yuan, H. Liu and H. Shimotani, Nano let. 11, 2601-2605 (2011).

[6] P. Thiruramanathan, G.S. Hikku, R. Krishna-Sharman and M. Siva Shakthi, J. ChemTech Res. 1, 59-65(2015).

[7] S.S. Hedge, A.G. Kunjomana, K.A. Chandrasekharam, K. Ramesh and M. Prashantha, Physica B. 406, 1143-1148 (2011).

[8] R.C. Ordonez, C.K. Hayashi, C.M. Torres, J.I. Melcher, K. Nackieb, G. Severa and D.Garmire, D, Scientific reports. 7, 1-9
(2017).

[9] A. Sugaki, A. Kitakaze and H. Kitazawa, Sci. Rep. Tohoku Univ.16, 199(1985).

] T.H. Patel, TOSURSI. 4, 6-13 (2012).

] B.J. Babu, A. Maldonado, S. Velumani and R. Asomoza, Mater.Sci. Eng B. 10, 25-30(2010).

] I Ilican, Y. Caglar and M. Caglar, J. Optoelectron. Adv. M. 10, 2578-2583(2008).

] S.M. Ahmed, L.A. Latif and A.K. Salim, brsj. 37, 1-6(2011).

] E. Guneri, F.Gode, C. Ulutas, F. Kirmizigul, G. Altindemir and C. Gumus, Chalcogenide Let. 7, 685-694(2010).

1 J. Lv, Z. Zhou, F. Wang, C. Liu, W. Gong, J. Dai, X. Chen, G. He, S. Shi, X. Song, Z. Sun and F. Liu, Superlattice Microst. 61,

115-123 (2013).

[16] A. Gomez, H. Martinez, M. Calixto-Rodriguez, D. Avellaneda, P.G. Reyes and O. Flores, J.Mater.Sci. Eng. 33(6), 352-358
(2013).

[17] M. Safonova, P.P.K. Nair, E. Mellikov, R. Aragon, K. Kerm, R. Naidu and O. Volobujeva, P. Est. Acad. Sci. 64, 488-494 (2015).

[18] W.S. Rasband, (2014), in: http://imagej.nih.gov/ij/1997-2014.

[19] G. Julio, M.D. Merindano, M. Canals and M. Rallo, J. Anat. 212, 879-886 (2008).

[20] T.S.Reddy and M.C. Kumar, RSC Adv. 6, 95680-95692 (2016).

EJEKTPUYHUI IBOIIAPOBHI MOJIbOBUI TPAH3MCTOP 3 BAKOPUCTAHHSIM TOHKOI SnS IIIBKU B
AKOCTI HAIIBNPOBIJHUKOBOI'O KAHAJIY, A TAKOX JIEJIEKTPUYHOI'O 3ATBOPY 3 MEY
Tomac Jlanieas', Yo Yno?, Kacum Icax’, Ymapy Axmany*
'Kagheopa Dizuxu/I'eonozii/l eopizuru, Alex Ekwueme gedepanvruii ynisepcumem Ndufu-Alike
Ikwo, P.M.B 1010, wumam Ebonyi, Hizcepis
123844 Kageopa izuxu pedepanvrozo mexnonoziunozo ynieepcumemy Minna

Minna, P.M.B 065, wumam Hizep, Hicepis
HocmimkenHs 0yi0 crpsMOBaHe HAa BUBYCHHS 1 3aCTOCYBAHHs TOHKOI IUTIBKH SNS B SKOCTi HaMiBIPOBIAHMKOBOTO KaHAJIBHOTO LIAPY
B 30ip1i JIEKTPUYHOTO ABOIIAPOBOTO MMOJBOBOTO TPAH3UCTOPA, IO MA€ BEJMKE 3HAUCHHS [UIS YCIIIIHOI pPO3pOOKH HOBUX KOHILICHIIN
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MPUCTPOIO, 3aCTOCYBaHb 1 3MiHM (i3MYHUX BIIACTUBOCTEil MaTepianiB, ockiibku omucani Ha cborogHi EDLFET (enexkrpuunuit
JBOILIAPOBHUI MOJBOBUI TPAaH3UCTOP) 1 MOMYJIALIS EISKTPOHHUX CTaHIiB OyJIM peani3oBaHi Ha OKCHIAX, HITPHII, BYIIICHEBHX
HaHOTpyOKax i OpraHiYHUX HAMiBIPOBIJHHKAX, MPU LBOMY PIAKO 3raJyBajHCh XalbKOTeHiAn. Mea BHKOPHUCTOBYBABCS B SIKOCTI
TeNeToAi0HOT0 eIeKTPOIITHYHOTO TieIEKTPUYHOTO 3aTBOpPa AJIs MiABUIICHHS PiBHS TeHEPYBaHHS BIATYKY €JICKTPHYHOTO OIS Yepe3
[1ap HaIMiBIPOBITHUKOBOTO KaHAY SnS 3aBISKH HOTO 3aTHOCTI 3a0e3redyBaTi poOOTy P BUCOKOMY CTPYMi 1 HU3BKill Hampy3i 3a
paxyHOK (opMyBaHHS IOHHOTO TeJICTIONIOHOTO PO3YMHY, IOAIOHOTO IOHHHMM TeiisiM, sSKi MICTATh ioHHI pimuan. Enexrpuunuit
JIBOIIAPOBUH IOJNHOBHI TpaH3WcTOp OyB 3i0paHMi 3 BHKOPHCTaHHAM TOHKOI IUTBKH cyibgimy omoBa (SnS) sk mapy
HaliBIPOBIHUKOBOTO KaHAly, Ta MeIy SIK AieleKTpuka. Bumipsina 3a gormomororo LCR-BuMiproBaya €MHICTH MEIOBOTO 3aTBOPY
cknana 2,15 mx®/cm?, Tozi Ak mienekrpuuna koHctanta — 20,50. HaniBnpoBigHMKOBHI MIap HAHOCHIIM 3@ JIOMOMOIOI0 XiMi4HOTO
0ca/DKEHHs 3 MapoBoi (a3 3a JOMOMOrOK aepo30JIi0 1 BigmanoBain Ha BigkpuroMy moBitpi npu 250° C y nporpasineHiii obmacti
MpUOIN3HO Ha cepeanHi CKIsHOT minknaaku 4x4 MM 3 FTO HOKpUTTSM, IIpH 1IbOMY 00JaCTh SIEKTPO/Ia Ha [DKEPEIbHOMY 1 CTIYHOMY
SJIEKTPOJIi OOMEKyBaslacsi TPABIECHHSIM 1 MacKyBaHHSIM Ha 000X KIHLAX Hinkiaanku. Ipuaiii OyB BUKOPHCTaHHH B SKOCTI €NEKTpOIa
3aTBOPY, TOMI SK MiIHUHA ApiT OyB 3aMacKOBaHMH Y JKEpENbHIN Ta CTiUHIM 00JacTi IS CTBOPEHHS KOHTAKTY 3 eJeKTpoaoM. s
BU3HAUYCHHS XapaKTEPUCTHK IPUCTPOIO OyiM BHKOpUCTaHI MpodiloMeTpH, peHTreHiBchbka AU(PaKiis, CKaHYIOUYMil eNeKTPOHHHUN
MIKPOCKOII, METO/I €HEepProANCIIePCiHHOI PEeHTreHIBChKOI CIeKTpockomii, Bumip edexty Xomma Ta mudpoBi MyasTUMETpH. Byio
BHUSIBJICHO, 1110 TOHKA IUTiBKa SnS € MOJIIKPUCTAIIYHO0, TAKOIO, 1110 CKIIAJAEThCS 3 €JIEMEHTIB Sn i S 3 IpiOHUMU 3epHAMU, 3 ONTHIYHUM
nianmasonom 1,42 eB i ToBumHo 0,4 MkM. TpaH3HCTOp HpamioBaB y peXHMI NMPOBITHOCTI KaHAIY P-TUIy B PeXHMi 30iTHEHHS 3
MiHJIMBICTIO IONLOBOTO €ekTy - 16,67 cM?/Vs, Hanpyroo Bincikanus - 1,6 V, cTpyMOM HacH4eHHs CTOKa - 1,35 pA, koedilieHToM
TpancaykTiBHOCTI — 809,61 nA/V Ta miamoporoBum 3HaueHHsAM Haxuity — 1,6 Vdec™!, mo MoxHa MOpIiBHATH 3i CTaHIapPTHAMM
TEXHIYHUMHU XapaKTEPUCTHKAMH B eNeKTpoHuULI. [03UTHBHE 3MillEHHS 3aTBOpA IMPU3BOAUTH [0 3PYIICHHS HAIPYTH BiIKIIOUCHHS
yepe3 3aXOIUICHHS 3apsay Ha MeXi MOALTY KaHal/ JieIeKTPHK.

KJIIOYOBI CJIOBA: ToHKa miiBka SnS, NOJOBUH TPaH3UCTOP, MEJ, €IEKTPHIHUH HOABIHUH ap, HAMIBIPOBITHUK

SJEKTPUUYECKHUI IBYXCJIOMHBINA IOJIEBOM TPAH3UCTOP C UCOJB30BAHUEM TOHKOW SnS INIEHKH
B KAUYECTBE NOJYITPOBOJHUKOBOI'O KAHAJIA, A TAKXKE JU2JEKTPUYECKOI'O 3ATBOPA U3 MEJIA
1Kagheopa Qusuxu / I'eonocuu / I'eopusuru, Alex Ekwueme ghedepanvuviii ynusepcumem Ndufu-Alike
Tkwo, P.M.B 1010, wmam Ebonyi, Hueepus
1.23 &4 Kageopa ¢usuxu gpedeparvhozo mexnonozuueckozo ynusepcumema Munna
Munna, P.M.B 065, wmam Hueep, Hueepus
HccnenoBanue ObUIO0 HANpaBICHO HA M3y4YCHHE M IPUMEHEHNE TOHKOH IUICHKH SnS B KauecTBE IOIYHNPOBOJHUKOBOIO KaHAJIBHOTO
clos B cOOpKE IEKTPHIECKOTO JIBYXCIOHHOTO TIOJIEBOTO TPAH3UCTOPA, YTO MMeeT OOJbIIOe 3HAYEHHE JUIsl YCIICIIHOH pa3paboTKu
HOBBIX KOHIICIIIUN YCTPOWCTBA, MPUJIOKCHUNA W U3MCHCHHS (PU3MYECKUX CBOWMCTB, MOCKOJIbKY omucaHHbie cerogns EDLFET
(9MeKTpUYECKUi IBYXCIOHHBINH TOJICBOM TPAaH3MCTOP) M MOMAYJIILUS SJIEKTPOHHBIX COCTOSIHWI OBUIM pealn30BaHbl HA OKCHIAX,
HUTpHIE, YITICPOOHBIX HAHOTPYOKaX M OPraHMYECKUX IOIYIPOBOAHUKAX, IPU 3TOM PEOKO YHOMHHAINCH XaJbKOreHuael. Men
HCTIONIB30BAJICSI B Ka4ECTBE IesIe00Pa3HOr0 IEKTPOIUTHYECKOTO JUIIEKTPUYECKOTO 3aTBOpA ISl MOBBIIICHUS YPOBHS I'€HEpAIUU
OTKJIMKA 3JIEKTPHYECKOT0 OIS Yepe3 CIIOH MOMYIIPOBOAHUKOBOT0 KaHaa SnS 61arogaps ero cnocoOHoCTH 00ecreynBaTs padoTy mpu
BBICOKOM TOKE M HHM3KOM HANpsDKEHUH 3a c4eT (OPMHPOBAHMS HMOHHOTO T'esie00pa3HOTO PAcTBOpa, MOJOOHOTO MOHHBIM TEJIsIM,
KOTOpBIE COAEPKAaT HOHHBIEC KUIKOCTH. DJIEKTPHUIECKUH TBYXCIOWHBIH MMOJIEBOI TpaH3UCTOP OB cOOpaH ¢ UCTIONB30BaHUEM TOHKON
IUICHKH cynbduaa oyosa (SnS) Kak cJ10s MOIyNIPOBOAHMKOBOTO KaHala M Mela Kak AWdJIeKTpuKa. M3mepennas ¢ momomnipio LCR-
W3MEpHUTENsS €MKOCTh MeNOBOTO 3aTBopa cocTaBuia 2,15 Mmx®d/cM?, Torma Kak JamaneKkTpuueckas mnoctosHHas — 20,50.
[MonmynpoBOAHMKOBBIH CJI0H HAHOCKIIN C TOMOIIBI0 XUMHYECKOTO OCKACHHUS U3 MapoBoi (a3bl ¢ MOMOIIBIO a3P030JIs1 U OTXKUTIAIH Ha
OTKPBITOM Bo3ayxe mpu 250 °© C B poTpaBiIcHOMH 00JaCTH IPUMEPHO Ha CEPEMHE CTCKISTHHON MOI0KKH 4 X 4 MM ¢ FTO mokpeitHeM,
IIPU 3TOM 00JIaCTh AIIEKTPOa Ha UCXOJHOM M CTOKOBOM 3JIEKTPOJIC OIPaHUYMBAIACh TPABICHUEM M MACKUPOBKON Ha 000MX KOHIaX
MOJUTOKKH. Mpuauii Obl1 HCIIOIB30BaH B KAUECTBE JIEKTPOIa 3aTBOPA, TOT1a KaK MeIHBII POBOJ ObUT 3aMacKHPOBaH B 00JIACTH CTOKA
Y MCTOKA JJIS CO3JaHUS KOHTAKTa C 3JIEKTPOoAoM. [11ist onpeenieHnst XapaKTepUCTHK YCTPOHCTBA OBLIN UCTIONIB30BAHBI TPOMUIOMETPHL,
PeHTreHOBCKass TU(paKIus, CKaHUPYIOUIHMHA SIEKTPOHHBIH MHUKPOCKOI, 3HEPrOAMCIEPCHOHHAS PEHTTEHOBCKAs CHEKTPOCKOIIHS,
n3Mepenne dS¢dekra Xomra U HUGPOBEIE MYJIBTHMETPHL. bBbUlo 0OHapykeHO, 4YTO TOHKas IUIGHKa SnS sBiseTcs
MOJINKPUCTAJUIMYECKON, COCTOSAIICH U3 3JIEMEHTOB Sn U S ¢ MEJIKUMHU 3epHaMH, ¢ ONTHUYECKUM auana3zoHoMm 1,42 5B u TonmuHON
0,4 mxm. TpansucTop padortanm B pexuMe NPOBOJMMOCTH KaHAJIa p-THIIA B PEXHUME OOCIHEHHS C M3MEHYHBOCTBIO IOJIEBOTO
sddexra - 16,67 cm?/Vs, HanpskeHueM orcedeHns — 1,6 V, TokoM HacblmeHus cToka — 1,35 pA, kosdduuueHToM
tpancayktuBHocTH — 809,61 nA/V 1 moamoporoBsiM 3HaueHueM HakioHa — 1,6 Vdec-1, 4T0 MOXHO CpPaBHHTb CO CTaHAAPTHBIMHU
TEXHUUYECKHMMHU XapaKTePUCTHKaMU B JJeKTpoHHUKe. llomokuTenbHOE CMeEIIeHHE 3aTBOpa MPUBOIUT K CIBUTY HalpsDKEHUS

OTKJTIOUEHUS M3-3a 3aXBaTa 3apsaa Ha TPaHUIIE pa3liesia KaHal/ JUdJIeKTPUK.
KJIFOYEBBIE CJIOBA: ToHKas TuIeHKa SnS, MOJIEBOH TpaH3UCTOP, MEJI, SIEKTPUIECKUIT TBOWHOH CJI0#, IOITyIPOBOIHUK
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