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The study aimed at enhancement and optimisation of SnS conductivity via annealing for field effect transistor’s semiconductor
channel layer application. Interstitials and vacancies in SnS films are known to cause carrier traps which limit charge carriers and
hence limit the achievement of the threshold voltage for a field effect transistor operation. Tuning of SnS conductivity for transistor
application is of emerging interest for novel device operation. SnS thin film semiconductors of 0.4 um thickness were deposited
using Aerosol assisted chemical vapour deposition and annealed in open air at annealing temperatures of150, 200, 250, 300 and
350°C. Variation of the annealing temperature from 150 through 250°C enhances the crystallinity of the annealed thin film samples
by increasing the number of crystallites of the annealed films which is also buttress by the decreasing values of FWHM. However a
further decrease in crystallite size at higher annealing temperature of 300 to 350 °C was observed which could be attributed to the
fragmentation of clusters of crystallites at higher annealing temperature. Increase in annealing temperature increases grain size
leading to the reduction in grain boundaries and potential barrier thereby changing the structure and phase of the films which in
essence affects the electrical conductivity of the SnS thin films. The films annealed at 250 °C exhibited optimum conductivity. The
average hall coefficients of the samples deposited at 150 to 250°C were positive which indicates that the films annealed at this
temperature range are of p type conduction while the average hall coefficients of the samples deposited at 300 and 350 °C were
negative indicating that the films are of n type conduction. The conductivity change is essential for the use of SnS as a semiconductor
channel layer especially in a field effect transistor where the device can be tuned to work as a p type or n type semiconductor channel
layer.
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Metal chalcogenides such as Tin(II) sulphide (SnS) and metal dichalcogenides such as Tin(IV) sulphide (SnS,) are
of interest as potential candidates for the semiconductor transport channel of field effect transistor and has been
previously used in an electric double layer field effect transistor [1]. Chalcogenides consist of a transition element and
one or more chalcogenides elements. SnS thin film is abundance in the earth’s crust with an orthorhombic crystal
structure. It has been reported to be of p type conductivity with a carrier concentration on the order of 10'cm™ and hole
mobility of 1.4 cm*V's™ [2].

The operation of a field effect transistor is essentially dependent on the choice of semiconductor channel layer
material since the voltage required in switching a transistor 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 transistor
semiconductor channel layer [3].

However, oxides, nitrides, carbon nanotubes and organic semiconductor have been the widely reported materials
[4]. Therefore, the investigation of other semiconductor materials such as SnS thin film is of interests for novel field
effect transistor performances. An essential factor to be considered in the investigation of SnS as a semiconductor
material for transistor application is the conductivity and conductivity type since a field transistor can operate as p-type
or n-type carrier channel. Optimisation of conductivity is essential for attainment of transistor threshold voltage, easy
reproducibility of film properties and simplicity in device design.

The electrical conductivity of semiconductor thin films strongly depends on the preparation conditions and
techniques. Low resistive films are often obtained by the creation of excess metal atoms through heat treatment called
annealing to fill up interstitials and vacancies which are structural defects in an SnS thin film or by the incorporation of
suitable and control amount of dopants [5].

Annealing is the method of conductivity tuning or control employ in this research which is dependent on the
choice of annealing temperature and annealing environment. For the choice of annealing temperature, it is generally
recommended that the annealing temperature of any material should be less than one-third of its melting point [5]. Since
the melting point of SnS is approximately 900 °C, the annealing temperature for SnS should be < 300 °C. As such the
annealing was carried out at a choice temperature range of 150 to 350°C (150, 200, 250,300 and 350 °C). A starting
annealing temperature of 150 was chosen to allow for minimum temperature required for reacting components. Open air
annealing in atmosphere oxygen was chosen due to its cost effectiveness in set up and acquisition which could scale
down the deposition cost.

Hence, we report for the first time the tuning of SnS carrier conductivity and conductivity type with variation of
annealing temperature in an open air environment for field effect transistor application.
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EXPERIMENTAL PROCEDURE

Soda lime glass substrates were 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,SO,: H,O, (3:1)) for 30 minutes. (c). 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. Six
samples of as deposited SnS semiconductor thin films were deposited individually using 0.1 M Tin chloride dehydrates
and 0.2 M of Thiourea which was weighed in stoichiometric proportion and dissolve in ethanol solvent (0.2M of
Thiourea (CH4N,S) solution was prepared with 0.60896g of CH4N,S salt made up to 10 ml of ethanol as solvent while
0.1 M SnCl,.2H,0solution was prepared with 0.90252 g of SnCl,.2H,0 salt made up to 10 ml of ethanol as solvent).
The two solutions were mixed and stirred for 1 hour using a magnetic stirrer at room temperature, after which the
resulting solution was then deposited on the substrate by aerosol assisted chemical vapour deposition (AACVD) at a
constant substrate temperature of 258 °C. Five out of the six as-deposited samples of SnS thin film were annealed in
open air at annealing temperatures of 150, 200, 250, 300 and 350°C while one of the samples was left unannealed. The
as deposited and the annealed samples were allowed to cool to room temperature before undergoing film
characterisation.

The crystal phase analysis was carried out at room temperature using X-ray diffractrometry (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 26 ranging from 20° to 80°.The XRD diffractogram was obtained using
OriginPro 2018 software with the FWHM for the peaks estimated using a Gaussian function. Results were analysed
with the scientific graphing analysis software and phase identification was done using the inorganic crystal structure
data (ICSD) pattern [6] after which the crystallite size, d-spacing, lattice parameter, dislocation density and micro strain
were analysed respectively.

The lattice parameters a, b and ¢ value for the orthorhombic crystallographic system of SnS thin film was
calculated from the observed values of 26 using d values (interplaner spacing) for the orthorhombic structure [7]

2 2 2
1/d2hkl =h a2t k /b2+l /c2 (1)

XRD pattern of the films were 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:
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Where V (unit cell volume)=abc (for orthorhombic), d is the space between lattice planes, h k 1 are the miller indices
while a, §,y are the diffraction angles. Where d is the space between lattice planes and h k 1 are the miller indices. The

atomic spacing parameter d was estimated from the Bragg’s equation [8]:

2d sin 0 = nk 2)
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where n=1, A=1.5406A". The average crystallite size of the films were calculated using the equation:
_ 0921
B Bcosb (4)

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= average crystallite size respectively.
Dislocation density 6 was calculated using D [7]:

1
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D is the grain size of the film. The micro-strain € was estimated using the equation [8],
__B
&= 4tané (6)

Quantitative information about the preferential crystallite orientation of the SnS thin films were obtained from the
texture coefficient (TC) using the relation [6]:
e
T W) @

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 as deposited and the annealed films were
characterised 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 Profilometer (VEECO
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DEKTAK 150) was used to carry out measurement of the thickness of the as deposited and the annealed SnS thin films.
After which 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. The current was
varied from + 1 mA to 1 mA at room temperature. A magnetic field of 8000 gauss was employed for the Hall Effect
measurement.

RESULTS AND DISCUSSION
Thickness measurement and compositional analysis of the annealed SnS thin films
The thickness of the as deposited and the annealed films were found to be 0.4 pm. The main constituents’ elements
and their relative concentrations are given in Table 1.The SnS thin film annealed at the different annealing temperatures
were smooth, pin hole free and adheres firmly to the soda lime glass substrate surface. The films were all brown in
colour without any significant colour change. The composition of the SnS thin films varied with the increase in
annealing temperature as shown in Table 1.

Table 1
SnS thin film elemental composition (atomic percent) at varied annealing Temperatures.
TA(°C) Sn S Ca Na Cl Si 0] TOTAL

(at. %) (at. %) (at. %) (at. %) (at. %) (at. %) (at. %) 100

0 29.851 52.154 8.352 1.044 5.620 1.740 1.250 100
150 29.804 52.203 8.345 1.040 5.624 1.743 1.249 100
200 29.873 52.131 8.350 1.041 5.622 1.744 1.248 100
250 30.572 51.432 8.346 1.042 5.623 1.742 1.248 100
300 29.634 52.374 8.349 1.044 5.621 1.741 1.247 100
350 29.770 52.233 8.347 1.043 5.622 1.743 1.251 100

Figure 1 gives the EDX spectrum of the as deposited SnS thin film and the SnS samples annealed at annealing
temperatures of 150, 200, 250,300 and 350°C. From the figures, it is evident that the film contained Tin (Sn) and Sulpur
(S) elements which are as labelled. However minute quantity of Na, Ca, Si, Cl and Ca were also observed which could
be attributed to their presence in the glass substrates. The decrease in sulphur content at 150 to 250 °C could be
attributed to the rate of re-evaporation of sulphur from the SnS film layers with increase in annealing temperature due to
the high vapour pressure of Sulpur or the loss of Sulpur during annealing at higher temperatures [5,9].
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Figure 1. EDS spectrum of the SnS thin film semiconductor annealed at 0,150, 200, 250,300 and 350 °C.

X-ray diffractomer (XRD) Analysis
Figure 2. Show the XRD pattern of SnS thin film annealed at different annealing temperatures. The peaks were
identified using the JCPDS card number 39-0354 data and are labelled with corresponding orientations. 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 films exhibited peaks of different orientations at 20 values of approximately 31.7° and 66.8°
corresponding to (040) and (080) peaks for samples annealed at 0 (as deposited), 150, 200, 300 and 350 °C annealing
temperature. The position of the (040) peak shifted with annealing to higher 20 values from initial value of 31.71° for
as deposited to a maximum value of 31.74°C for the annealed films which could be due to the release of intrinsic strain
through annealing.

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 and absence of oxidation of SnS with annealing in open
air. The as deposited film possess a broad peak being characteristics for an amorphous material or one with very small
nano-crystals. The annealed SnS films exhibited an orthorhombic structure with calculated lattice parameters of
a=0.429 nm, b=1.123 nm and ¢=0.399 nm with no change in the structure of SnS films with changes in annealing
temperature. The observed d spacing as compared to the standard d spacing is shown in table 2.
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Figure 2. XRD pattern for SnS thin film at annealing temperatures of 150, 200, 250,300 and 350°C.

Table 2.
Observed and standard d spacing for annealed SnS thin films
S/N Annealing 20 (°) Observed Standard
Temperature (°C) D spacing (4) D spacing (4)
1 0 31.73912 2.8201 2.8000
2 150 31.74278 2.8167 2.8000
3 200 31.7253 2.8182 2.8000
4 250 31.71153 2.8194 2.8000
5 300 31.72585 2.8181 2.8000
6 350 31.72785 2.8180 2.8000

The calculated d spacing are closely related to the standard JCPDS data. Although a slight difference occurs in the
values which could be attributed to the presence of unit cell volume contraction that might signify the presence of strain
in the annealed films [5]. The calculated texture coefficient values of the five annealed samples is given in Table 3.

Table 3.
Calculated texture coefficient for the annealed SnS thin films
S/N Annealing Texture coefficient (TC)
Temperature °C TC (040) TC (080)

1 150 1.09 0.10
2 200 1.17 0.83
3 250 2.52

4 300 1.05 0.95
5 350 1.40 0.60

The value obtained shows that all the TC values of (040) plane of the annealed SnS thin film component are larger
than 1 which indicates that all the SnS films are polycrystalline with preferred orientation along the (040) plane and
denotes that the number of grains along the (040) plane is more than that on the other planes [9, 10]. The degree of
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preferential orientation initially increased with increase in annealing temperature for samples annealed at 150 to 250 °C
with a maximum value at the sample annealed at 250 °C for each plane after which it decreases.

At annealing temperature of 150°C, it could be inferred that the SnS thin film undergoes incomplete
recrystallization giving rise to a peak with similar intensity to that of the as deposited film. The orientation and intensity
of the film increases with increase in annealing temperature to 200 °C  which could be attributed to improvement in
crystallinity and signifies decrease in dislocation density and density of grain boundaries as a result of decrease of donor
sites that are trapped at the dislocation and grain boundaries. However with increase in annealing temperature to 250 °C,
the intensity of SnS thin film of (040) preferencial orientation decreases which could be attributed to the decomposition
and re-evaporation of adsorption atoms away from the surface as the SnS becomes thermodynamically unstable at high
annealing temperatures which leads to increase in the speed of atoms so as to look for a site of lowest surface energy
structure leading to a formation of a more improved crystalline film. A further increase in the intensity and crystallinity
of the SnS films occurred at annealing temperature of 300-350 °C which could be attributed to the increase in thermal
oscillation of atoms in their lattice position at high temperatures.

The peak associated with the (040) plane was used to calculate the structural parameters of the films been the
preferred orientation of the annealed SnS thin films. The summarised structural parameters are given in in table 4 while
figure 3 shows the variation of average crystallite size with annealing temperatures of 150, 200, 250,300 and 350°C.

Table 4.
Summary of calculated structural parameters for the annealed SnS thin films

Annealing Full width 20 (°) Average Dislocation Micro straing
Temperature (°C) half maximum crystallite size | density & X x 1074

B(®) D (nm) 10'*(Lines/m?)
0 (as deposited) 0.13633 31.73912 60.57 2.73 5.72
150 0.14008 31.74278 58.95 2.88 5.88
200 0.13139 31.72530 62.94 2.52 5.52
250 0.12644 31.71153 65.30 2.35 5.31
300 0.13343 31.72585 61.89 2.61 5.60
350 0.15962 31.72785 51.73 3.74 6.70
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Figure 3. Composite variation of average crystallite size with annealing temperatures

Figure 3 shows the variation of average crystalline size evaluated. The crystallite size initial decreased to 58.95 nm
from the value of 60.57 nm of the as deposited SnS thin film at 150 °C annealing temperature which could be as a result
of the insufficient temperature to move grain boundaries or the fragmentation of clusters of SnS crystals to initiate
recrystallization [5]. The crystallite size however increases with increase in annealing temperature from 58.95 nm for
SnS film annealed at 150 °C to 62.94 nm for the film annealed at 200 °C and to 62.94 nm for the film annealed at 250 °C.
Increasing the annealing temperature from 150 through 250 °C enhances the crystallinity of the annealed thin film
samples by increasing the number of crystallites of the annealed films which is also buttress by the decreasing values of
FWHM and correlates with the report of [11]. Annealing enables Oswald ripening which is the consolidation and
growth of larger grains at the expense of smaller ones with a rate of occurrence aided by temperature. The increase in
crystallite size could also be attributed to the decrease in grain boundary and reduction in deformation as well as defects
in the crystals which signifies increase of degree of perfection of grains with the removal of defects and the reduction of
pores.




99
Tuning of SnS Thin Film Conductivity on Annealing in an Open Air Environment EEJP. 2 (2020)

However a further decrease in crystallite size at higher annealing temperature of 300 to 350 °C was observed
which could be attributed to the fragmentation of clusters of crystallites at higher annealing temperature. The sample
annealed at 250 °C exhibits the best crystallinity with the largest grain size and decrease in defects density and decrease
in donor sites trapped at the dislocation and grain boundaries.

Micro strain € and dislocation density 6 which are crystal defect parameters exhibits a reducing trend for the
samples annealed at 150 to 250°C with increase in annealing temperature and with increase in average crystallite size.
The decrease of dislocation density for SnS thin films annealed at 150 to 250 °C indicates the presence of higher
crystallinity of SnS films than the samples annealed at 300 to 350 °C where the dislocation density and micro strain
increases further.The change in the strain may be due to the recrystallization process in the SnS films. Also micro strain
is an inherent and natural component of nano grained materials due to the large number of grain boundaries and the
short spacing between them. Increase in crystal size with annealing temperature causes increase in surface energy which
causes the varying magnitude of the strain [12].

SEM Analysis
The scanning electron microscopy micrograph at magnification of 20000 x for all the annealed samples of SnS
thin film at various annealing temperature as compared to the as deposited is shown in Fig. 4.

EHT = 5,00 KV Signal A= InLens Date 28 Sep 2018 EHT = 5.00 kv Signal A= InLens Date :1 Oct 2018
WD = 4.9mm Mag= 2000 KX Time :14:27:07 H WD = 4.6 mm Meg= 2000KX Time 13:56:11
— » x

EHT = 5.00 kv Signal A = InLens Date -1 Oct 2018 EHT = 5.00kV Signal A = InLens Date 11 Oct 2018
WO = 4.3mm Veag= 20.00K X Tine H14:08:84 H WD = 4.5 mm Mag= 20.00 K X Time 14:00:38

WD = 4.3 mm Mag= 2000KX Time :14:10:13 H WD = 45mm Mag= 2000 KX Time :14:14:30

EHT = 5.00 kv Signal A = InLens Date 1 Oct 2018 EHT = 500 kV Signal A = InLens Date 1 Oct 2018 ﬁ

Figure 4. The surface morphology of SnS thin films annealed at 0, 150, 200, 250, 300 and 350°C.
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A gradual change was observed from the micrograph in the growth of grains of SnS films from island nature to a
more densely packed thin film nature as the annealing temperature increases from 150 to 350 °C. The grains lie
randomly oriented with a decrease in grain boundaries with increase in annealing temperature. Similar results have been
reported by [5]. Figure 5 shows that the grain size which is as labelled on each column increases with increase in
annealing temperature.
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Figure 5. Composite average grain size plot for annealing temperatures of 150 to 350°C.

Increasing the annealing temperature increases grain size leading to the reduction in grain boundaries and potential
barrier which enhances the release of trap carriers thereby increasing the conductivity of the SnS thin film with
annealing.

Hall Effect measurement
The Hall Effect measurement showing carrier concentration, average hall coefficient, carrier mobility, resistivity,
conductivity and sheet resistance is shown in table 5.
Table 5.
Electrical parameters for annealed SnS thin films using Hall Effect measurement

Annealing Bulk concentration | Average Hall Carrier mobility | Resistivity p Conductivity o
Temperature (°C) Nj (em™) coefficient Ry | p (cm*/Vs) (Qcm) (Qcm)”!
(cm’/c)

0 2.238 x10"° 6.928x10° 4337 x10° 3.612 x10° 2.768 x10°
150 2.850 x10"° 1.795%x10" 1.523 x10° 1.217 x10* 8.214 x10”
200 3.010 x10" 1.833x10" 1.571 x10° 1.121 x10* 8.921 x10”
250 3.167 x10" 1.971x10" 1.619 x10° 1.025 x10* 9.756 x107
300 -3.721 x10° -8.678x10° 1.692x10* 1.249 x10° 8.008 x10°°
350 -6.664x10° -9.367x10° 3.905 x10* 1.241 x10° 8.057 x10°®

Compared to the as deposited SnS thin film annealed at 0 °C, the annealed samples showed improvement in their
semiconducting properties. The average hall coefficients of the samples deposited at 150 to 250 °C are positive which
indicates that the films annealed at this temperature range are of p type (with holes as majority carriers) conduction
while the average hall coefficients of the samples deposited at 300 and 350 °C are negative indicating that the films are
of n-type conduction. The change in conductivity could be attributed to the release of tin atoms with annealing at higher
temperature. The inversion (transmutation) in type of carrier charge could also be related to impact defect due to crystal
growth in material with changes in annealing temperature or the thermal oscillation of atoms in their lattice position at
high temperature which may cause a release of atom from its location to filled space left behind. Annealing enhances
increase carrier concentration, reduction in resistivity due to improvement in crystallisation and increase in grain size
leading to decrease in defects density and crystal boundary which enhances increase in the SnS thin film conductivity.

With the increase of annealing temperature, the carrier concentration and mobility increases while the film
resistivity decreases except that of films annealed at 300 and 350 °C. The carrier concentration and mobility reached a
maximum of 3.167 x10'°Nj (cm™) and 1.619 x10°(cm?/Vs) with a p type conductivity. This could be explained by the
fact that increase of annealing temperature leads to improved crystallisation and increase in grain size in the films which
could enhance the decrease of crystal defects, grain boundary and crystal bonding reduction, hence the release of the
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electrons that are trapped at the grain boundary thereby decreasing resistivity and increasing conductivity. However
above 250 °C, higher temperatures enhance stronger crystal lattice vibration which could results in crystal lattice
defects. Such defects become dispersion centres leading to increase of films resistivity. Similar reports have been
reported by [13].

Temperature dependence of electrical conductivity
A deposited film of 0.40 pm thickness which was annealed at 250 °C was used to study the temperature
dependence of electrical conductivity of the deposited SnS thin film 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 [14]. A plot of In (¢/0,) versus (1/T) is given in Figure 7.

T T T T T T T T T T
1.6 1.8 20 22 24 26 28 30

1000/T (K™
Fig. 7. The dependence of In (¢/a,) versus (1000/T) for SnS thin film

The 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 may be attributed to the deep acceptor states arising from the Sn vacancy which plays
significant role in the p type carrier conductivity of the SnS semiconductor. The excess of non-metallic atoms (Sulpur)
which is also evident in the elemental composition of the film, induces a proportionate Sn vacancy sites such that every
anion would introduce 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. It is also
evident from the graph that the conductance increases with temperature which indicates the semiconducting behaviour
of the thin film [10].

CONCLUSION

The SnS thin film semiconductors of 0.4 um thickness were deposited using aerosol assisted chemical vapour
deposition (AACV) and annealed in open air at annealing temperatures of 150, 200, 250, 300 and 350°C. The annealed
SnS thin film was found to be polycrystalline consisting of Sn and S elements in varying composition with increase in
annealing temperature. No noticeable change was noticed in the crystal structure of the films while the change in the
lattice parameters was marginal. No impurities peaks of elemental sulphur, tin or other tin sulphide phases were
identified in the XRD pattern of the annealed films which signifies the formation of pure SnS phase. The preferred
orientation of all the annealed films was found to be along the (040) plane. Increasing the annealing temperature from
150 through 250°C enhances the crystallinity of the annealed thin film samples by increasing the number of crystallites
of the annealed films which is also buttress by the decreasing value of FWHM. However a further decrease in crystallite
size at higher annealing temperature of 300 to 350°C was observed which could be attributed to the fragmentation of
clusters of crystallites at higher annealing temperature. A decrease of dislocation density and micro strain for SnS thin
film samples annealed at 150 to 250 °C was noticed indicating the presence of higher crystallinity of SnS films than the
samples annealed at 300 to 350 °C where the dislocation density and micro strain increases further. A gradual change
was observed from the SEM micrographs in the growth of grains of SnS films from island nature to a more densely
packed thin film nature as the annealing temperature increases from 150 to 350 °C. Increase in annealing temperature
increases grain size leading to the reduction in grain boundaries and potential barrier thereby changing the structure and
phase of the films which in essence affects the electrical conductivity of the SnS thin films. The films annealed at 250
°C showed an optimum film property for in terms of the conductivity and band gap which are essential for application as
a semiconductor channel layer in a field effect transistor. The average hall coefficients of the samples deposited at 150
to 250°C were positive which indicates that the films annealed at this temperature range are of p type (with holes as
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majority carriers) conduction while the average hall coefficients of the samples deposited at 300 and 350 °C are negative
indicating that the films are of n type conduction.

To the best of our knowledge and within the limit of available literature, no report has been made on the tuning of
SnS thin film semiconductor properties with annealing in an open air environment for transistor application, hence
turning the results described here innovative to the scientific community.
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TIOHIHT ITPOBIAHOCTI TOHKOIO IIJIIBKH SnS ITPU BIAITAJII ¥ BIAKPUTOMY IOBITPSIHOMY
CEPEJOBHMIII JJI51 3BACTOCYBAHHS B TPAH3UCTOPAX
Tomac Jdanien™, Yuo Yno”, Kacum Icax”, Ymapy Axmany”
“Kagpeopa ¢pizuxu / 2eonozii / 2eopizuxu, Anexc Exeeyme, @edepanvruii ynicepcumem Hoygy Anixe
Ixeo, P.M.B 1010, wumam E6ownii, Hicepis
bKadyedpa Gizuxu, Qedepanvruti mexnonociunuil ynisepcumem, Minna
P.M.B 065, Minua, wumam Hizep, Hicepis
JocnimkeHHss copsMOBaHE Ha TOKpAIIEHHS Ta ONTHMI3alil0 MPOBiAHOCTI SnS 3a JOMOMOror BiANaly A 3acTOCYBaHHS B
HaIiBIPOBIAHIKOBOMY MIapi IMOJBEOBOrO TpaH3HCTOpa. Bimomo, mo MiKBY3I0BI aToMH 1 BakaHCIl B IUIiBKax SnS BUKINKAIOTh
[ACTKH, 5IKi OOMEXKYIOTh HOCIT 3apsiy i, OTKe, OOMEKYIOTh JOCSITHEHHs IIOPOTrOBOI HANPYTU VISl POOOTH HOJBOBOTO TPAH3UCTOPA.
HanamryBanHs mnpoBimHOcTi SnS Juisi 3acTOCyBaHHS y TpaH3UCTOpax BHUKJIMKAE iHTEpeC Ui pOOOTH HOBHUX HPHCTPOIB.
TonkormtiBKoBi HamiBnpoBigHuKK SnS ToBHIMHOK 0,4 MKM OyJIM OCa/pKalMCh METOJOM XiMIYHOTO aepo30JIEHOTO OCAa/DKCHHS Ta
BiilIaJIeHi Ha BiAKPUTOMY MOBITPi npH Temmeparypi Bixnazy 150, 200, 250, 300 ta 350°C. 3mina Temneparypu Bianamy Big 150 mo
250°C miABHUIy€e KPUCTATIYHICTh BiJMaleHUX 3pa3KiB TOHKOI IUTIBKM 3a PaXyHOK 30UIBIICHHS KUTBKOCTI KPHCTANITIB BiANaICHHX
IUTIBOK, L0 TAaKOX MiAKPIIUTIOEThCS 3MeHIueHHsM 3HaueHb FWHM. Opnak crocrepiranocsi Mojaibliie 3MEHIICHHS PO3Mipy
KPHUCTAIITY NMpH OiIbII BUCOKIA Temmeparypi Bigmany Big 300 mo 350°C, mo moxkHa Oyiio MOSCHUTH (hparMEeHTALIEI0 CKYIMYeHb
KPHUCTAIITIB pX OUIBII BUCOKi TeMIepaTypi Bigmany. 30UTbIICHHS TEMIIEPATyPH BiAMady 301IbIIye po3Mip 3epHa, IO MPU3BOJUTH
110 3MCHILCHHS MEX 3epHa Ta IMOTCHLIHHOro 0ap'epy, THM CaMHM 3MIHIOIOYH CTPYKTYpY Ta (asy IUIBOK, IO IO CyTi BIUIMBAE Ha
€JIEKTPONPOBIAHICT TOHKMX ILTiBOK SnS. IlmiBkw, Bimmaneni mpu 250°C, neMOHCTpyBaNIM ONTHMAJIBHY IpOBimHICTE. CepemHi
koedimienTn XoJuia Ha 3paskax, ocamkeHux Bia 150 go 250°C, Oynu MO3UTHBHHUMH, IO BKa3ye Ha Te, IO IUTIBKH, BiANaycHi B
LOMY J[ialla30Hi TeMIepaTyp, MarOTh P-THIT MPOBIAHOCTI, TOMI K cepenHi koedimieHTn Xouta st 3pa3kiB, ocamkenux npu 300 i
350°C, Oysiu HETaTUBHUMHU, IIO CBITYUTH MPO Te, IO IUTIBKK MAIOTh N-TUI HPOBIAHOCTI. 3MiHA €IEKTPOIPOBIAHOCTI MA€ BAXKIIUBE
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3HAYEHHS JUI BUKOPUCTaHHA SnS sK Iapy HaliBIPOBIJHUKOBOTO KaHaIly, OCOOJIMBO B IOJIBOBOMY TPAaH3UCTODI, JIe IPHCTPIH MOXKe
OyTH HaJIANITOBaHHUI Ha POOOTY TUILy HaMiBIPOBIAHHUKOBOIO KaHATY THITY p 200 N-THITY.
KJIFOUYOBI CJIOBA: ToHKa 1uiBKa SnS, Bifnai, IpoBiAHICTh, pO3MIp 3epHa, TPAH3UCTOP, HAIIBIIPOBITHHUK

HACTPOMKA IIPOBOJIVMMOCTH TOHKOM IVIEHKH SnS ITPA OT’)KUI'E B OTKPHITOM BO31YIIIHOM CPEJIE
JJIs1 MIPUMEHEHUSA B TPAH3UCTOPAX
Tomac Janman™’, YHo Yuo®, Kacum Hcax’, Ymapy Axmmyb
“Kageopa ¢usuru/zeonozuu/zeopusuxu, @edepanvuwiii ynueepcumem Anexca Jxeysme, Hoyghy-Anuxe
Hxeo, P.M.B 1010, wumam D60nu, Hueepus
bKaqbedpa Gusuku, Qedepanvhvlii mexnonocuveckuti ynusepcumem, Munna
P.M.B 065, Munna, wmam Hueep, Hueepus

HccnenoBanue ObUIO HANPaBICHO HA YIydIICHWE W ONTHMH3ALMIO IPOBOAUMOCTH SnS MOCPEACTBOM OTXKHTA AN MPUMEHEHUS B
MOTYTIPOBOAHMKOBOM KaHaJIe MOJIEBOTO TPaH3UCTOPa. M3BECTHO, 4TO MEX/0y3eNbHbIe aTOMBI M BAKAHCHH B INICHKAX SNS BBI3BIBAIOT
JIOBYIIKM HOCHTEJeH, KOTOphle OTpaHMYMBAIOT HOCUTENHN 3apsja M, CIeIOBaTeIbHO, OIPAaHUYMBAIOT JOCTIDKCHHE IIOPOTOBOTO
HalnpspKEHHs UL paboThl MOJICBOTO TPaH3UCTOpa. TIOHMHT MPOBOAMMOCTH SnS Ui NPUMEHEHHS B TPAH3UCTOPAX IPEICTaBIIIET
UHTEpeC Il paboThl HOBBIX yCTpOicTB. TOHKOIJIEHOUYHBIC MOJIYIPOBOAHUKU SnS TonmuHONH 0,4 MKM OCaXAalIUCh METOAOM
a3pO30JILHOTO0 XMMHYECKOr0 OCaXKICHHS U3 MapoBOH (a3bl U OTKHUTAJIKCh HA OTKPBHITOM BO3IyXe IpH TeMmiepaTrypax oTxura 150,
200, 250, 300 u 350°C. HU3menenue temneparypsl omxura ot 150 no 250°C nmoBblmaeT KpUCTAUNIMYHOCTh OTOMOKEHHBIX 00pa3IoB
TOHKHX IIJIGHOK 3@ CYET YBEIHYEHHs KOJIMUYECTBA KPUCTAIIUTOB OTOMOKEHHBIX IUICHOK, UTO TAKXKE MOAKPEIUIAETCS YMEHBIIEHHEM
sHaueHuit FWHM. Opnako Habmromanoch JanbHEHIIEe YMEHBIICHHE pa3Mepa KPHCTAUIUTOB HpH OoJiee BBHICOKOW TeMIlepaType
omkura ot 300 mo 350°C, 4To MOKHO OOBSACHHUTH (pparMeHTalMEH KIacTepOB KPHCTAJUIUTOB IpH OoJee BBICOKOHW TeMIlepaType
orxura. [loBellIeHHe TemIlepaTypbl OTXKHIa YBEIHYMBAeT pa3Mep 3€pHa, YTO IPHBOJUT K YMEHBIICHHIO TIPAHUIl 3€peH U
MOTEHIMAIBHOTO Oapbepa, TeM CaMbIM HM3MEHSS CTPYKTypy M (ha3y IUICHOK, YTO MO CYIIECTBY BIMSET Ha 3JIEKTPOIPOBOJHOCTH
TOHKHX TUIeHOK SnS. Ilnenku, oToxxkeHHble mpu 250°C, mokasaim onTUMaIbHY0 TpoBoauMocTh. Cpennue ko3¢ unueHTsr Xoma
00pasioB, HaHECEHHBIX MpU Temmepatype or 150 mo 250°C, ObUIM TONOXUTEIbHBIMU, YTO YKa3bIBaCT Ha TO, YTO IUICHKH,
OTOXOKEHHBIE B 3TOM JlMalla30He TEMIEPaTyp, MMEIOT MPOBOAUMOCTb P-THIA, B TO BpeMs Kak cpeanHue koapduuueHTsl Xoiia
00pa3uos, HaneceHHBIX pu 300 u 350°C, 6bUTH OTPULIATENBHBIMU, YTO YKa3bIBAET HA TO, YTO IJICHKHA UMEIOT IPOBOJMMOCTh N-TUIIA.
V3meneHne mpoOBOAMMOCTH SIBISICTCS CYHIECTBEHHBIM JUI HCIIONB30BAaHHA SnS B KadecTBE CJIOS MONYNPOBOJHHKOBOTO KaHANa,
0COOCHHO B TTOJIEBOM TPAH3UCTOpPE, TAE YyCTPOICTBO MOXKET OBITH HACTPOECHO IS pabOTHI B Ka4ECTBE CIIOS ITOIYIPOBOIHUKOBOTO
KaHaJa p-TUIIA WM N-THIA.

KJ/IFOYOBI CJIOBA: ToHKas mIeHKa SnS, OTXKUT, IPOBOJIUMOCTb, pa3Mep 3¢pHa, TPAH3UCTOP, IOIYyIPOBOJHUK





