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ABSTRACT

The nickel sulfide thin films have number of applications in various de-
vices such as solar selective coatings, IR detectors and as storage elec-
trode in photo-electrochemical storage devices. This paper reports on the
preparation of photosensitive nanostructured NiS thin films onto glass
substrate by Successive lonic Layer Adsorption and Reaction (SILAR)
method. For deposition of NiSthin films0.02M nickel sulphateand 0.05M
sodium sulphide was used as cationic and anionic source. The structural,
electrical and optical properties of the nanostructured NiS films were in-
vestigated. The filmshave rhombohedral | attice structure and theimprove-
ment in crystalline quality isobserved after post annealing. The photocon-
ductivity of NiSisimproved from 2.4x10%to 1.3x10"mho-cm* after anneal-
ing. The optical properties were characterized to estimate the band gap
energy. The TEP measurement shows that the deposited films are of p-
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INTRODUCTION

Nanostructured materials haveindeed becomea
very activeresearchfiddin theareas of solid statephys-
ics, solid state chemistry, solid Sateionics, materid en-
gineering and biotechnology!™. Theindustrial applica
tion of nanoscience and nanotechnol ogy needsthe de-
velopment of synthetic materia sof tailored made prop-
ertiesthat decreasesthe size of active electronic de-
vices higher speed performance and lower cost!?.
Nanostructured materialsbecomevery popular astheir
properties changes dramatically when thematerial di-
mensonsareof theorder of nanometers. Thinfilmcan

be defined mathematically by two parallel planesex-
tendinginfinitely into two directionsand restricted in
thethird direction known asthicknessof thefilm. The
thicknessof thefilm can bereduced of the order of few
nanometersto prepare nanostructured materid.

Metd sulfidethinfilmshavebeenstudiedintensvely
over past 30 yearsinview of their actual and potentia
gpplicationsin semiconductor indugtry particularly inop-
todl ectronics®. Recently advanced microd ectronicsand
surface engineering processes are demanding the most
controlled deposition processes for future develop-
ments. New concepts and design methodologiesare
needed to synthesizenew thinfilm devicesand tointe-
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gratethem for various operations. Examplesarethe
control of surface processes, the development of com-
puter memory chips, and the production of two and
three-dimensional nanostructures. Severa bottom up
chemical methods such as Chemical bath deposition
(CBD), CVD, Spray pyrolysis, Pulsed laser deposi-
tion etc are popular for deposition of nanostructured
materidsintheform of thinfilmson somesubstratesby
controlling thethicknessof thefilm. Uplaneet d.“ have
prepared NiSthinfilmsinacidic medium using sodium
thiosul phate as sul pher source. The optical band gap
was estimated to be 0.8eV with eectrical resistivity of
the order of 10%-10° Q-cm. Sartale et a.® have de-
posited NiSthinfilmonto glass, FTO coated glassand
singlecrysta Si (111) wafer. The XRD studies show
that thecrystallinity of theNiSthinfilm dependsonthe
natureof substrate. Pramanik and Biswas® have chemi-
caly prepared nickd sulphidethin filmsonto glasssub-
strate using nickel sulphate and thioacetamideinana-
kalinemedium. Khiew et d™ have prepared nickel sul-
fide (NiS) nanoparticlesin water-in-oil (w/0) micro
emulsion system contai ning sucroseester asthe surfac-
tants. The synthes zed nanoparticleshaveregular shape
inthesizerange of 3-12 nm. Otero et al and Musetha
et d® 9 have prepared NiSthinfilmson glasssubstrate
by aerosol assisted chemical vapour deposition
(AACVD) method. Madhusudan and Sehga*? have
prepared NiS-PbS and NiS-CdS thin films on com-
mercial auminum and galvanized iron substrates by
spray pyrolysisand have been extensively investigated
for their solar-thermal performance over the complete
composition range. Thehighly oriented rhombohedral
(v) phase of NiS was prepared at 102 Torr by Jinwoo
Cheon et d™ by vapour deposition method. Pramanik
and Bhattacharyd*? have prepared NiSthinfilmson
variouspolymer surfaces by using chemica bath depo-
sition method. The deposition of NiSfilmson etched
Si(111) and (012) using pul sed laser ablation wasre-
ported by Heayeon Leeet a!*¥. Morphological char-
acteristicsof Ni sulfidesfabricated by chemical vapor
deposition were reported by Gyu-bong Cho et all*.
NiSwith particul ate shape hasvariousgpplicationfieds
such ashydrogenation catdyssand activemateria sfor
energy storage’>'7. Cheon et al.*® have reported
deposition of stoichiometric NiSfrom both athermal
and photochemica CV D routes. Nomuraand Hayatd™
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studied thedepositionof NiS, , by low pressure metal-
organic chemical vapour deposition (LPMOCVD).

Theliterature survey reveded that no reportswere
availableon preparation of photosenstiveNiSthinfilms
by simple chemical method. Henceit isof interest to
prepare and study indetail thedectricd, optical, mor-
phological and structural propertiesof thesemateridlss,
for their possibleapplicationinvariousfields. SILAR
method ismost smpleand relatively lessexpensive. It
isthemodified form of chemica bath deposition method.
In CBD process the deposition of film occurs when
ionic product exceeds solubility product. However, if
thereactionratemore, maximum quantity of solutionis
wasted in forming precipitate. In order to avoid this
difficulty SILAR method was devel oped®!. In present
communicationitisour intentionto promoteinterestin
SILAR method for deposition of NiSthinfilms. The
electrical, optical and structural characterizations of
nanostructured photosensitive NiSfilmswere carried
OUL.

EXPERIMENTAL DETAILS

The successiveioniclayer adsorptionand reaction
method ismainly based on the adsorption and reaction
of theionsfrom the solution and ring ng between every
immersionwith de onized water to avoid homogeneous
precipitation in thesolution. For depositionof NiSthin
films, 0.02M nickel sulphate and 0.05M sodium sul-
phide wastaken as cationic and anionic precursor re-
spectively. Thesubstratewasimmersed inthe cationic
precursor, (pH~11) for 30 S, where Ni?* ions were
adsorbed on the substrate. After this substrate was
rinsed in deionized water for 30 Sto removeloosely
adsorbed Ni?* ions. The substrate wasthenimmersed
inthe anionic precursor, sodium sul phide (pH~11) for
30 S, where the S* ions from the anionic precursor
reactswith Ni?* ionson the substrateto produce NiS
species. Thesubstrate wasthenimmersedin deionized
water for 30 Sto removeloosely bounded NiS mate-
rid. Thiscompletesonedepositioncyclecdled SILAR
cycle. By repeating such deposition cycles40 times,
nanostructured NiSthinfilmswere prepared.

Thefilmthicknesswas measured by weight differ-
ence method using bulk density of NiS (5.4 g/lcm?®).
Thetwo point dc probe method of dark electrical re-
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sigtivity wasused to study thevariation of resistivity
with temperature. The structural studieswere carried
out using Miniflex — Rigaku diffractometer, with Cu-
Ka radiation of wavelength 1.54A°. JEOL-JSM-6380
analytical scanning el ectron microscope was used for
morphologica study. The absorption spectraof asde-
posited and thermal annealed filmswererecordedin
the range 300 t01600 nm with the help of aHitachi
spectrophotometer model -330, to find band gap en-
ergy. Thefilm of size 0.5 x 1 cm was used to study
photoconducting properties. Theohmic contactswere
made by silver paste. The dark and photoconductiv-
ity of the samplewas measured in air at room tem-
perature.

RESULTSAND DISCUSSION

NiSfilm growth

Theformation of NiSthinfilminvolvesfollowing
steps.

1) From the cationic precursor NiSO,, Ni**ions
getsadsorbed on the glass substrate.

NiSO, — Ni* +S02 @
Afterrinangindeionized water for 30 S, substrate

wasimmersed into anionic precursor where S* ions
react with Ni#to giveNiSas,

Na,S+H,0—2Ni* +SH™ + OH"~ 2
SH™ +OH —>S> +H,0 ©)
Ni** +S> > NiS 4)

In SILAR deposition method the different deposi-
tion parametersviz concentration, pH, temperature, im-
mersion and rinsingtimearevery important asthey di-
rectly affect thegrowth process. By making severd tri-
as, deposition parameterswere optimized to get good
quality NiSthinfilms, and aregivenin TABLE 1. By
keeping concentration of Na,Sfixed at 0.05 M, the
concentration of Ni precursor wasvaried from0.01to
0.08 M. It was observed that films deposited at |ower
Ni concentration (< 0.05M) are more adhesive and
uniform. However, at higher concentration thefilm sur-
faceisrough and powdery, which may bedueto higher
growth rate as number of availableions are more at
higher concentrations. The optimum anionic and cat-
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ionic concentration wasfound 0.05 and 0.04M and the

average growthratewas 2.16 nm cycle* (Figure 1).
Using these conditionsand by changing number of

SILAR cyclesthegrowth mechanismwasstudied. The
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Figurel: Variation of NiSfilmthicknesswith Ni?*ion con-
centration for 40 deposition cycles.
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TABLE 1: Optimized deposition parameter sfor thedeposi-
tion of NiSthin films.

. Cationic Anionic
Prepar ative pr ecur sor pr ecur sor
parameter NiSO, Na;SH0
Concentration(M) 0.04 0.05
pH 11 11
Immersion cycles 40 40
Immersion time (S) 30 30
Rinsing time(S) 30 30
Deposition temperature 301 301

(K)
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40

Flim thickness(nm)

0

0 10 20 0 40 50 60 70
Number of SILAR cycles

Figure 2 : Variation of NiSfilm thicknesswith number of
deposition cycles.

optimized SILAR deposition cyclesare considered 40,
asaboveit on thefilm surfaceloose powder isfound.
Thevariation of NiSfilm thickness with number of
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SILAR growth cyclesisshowninFigure2. Thefilm
growth ratewasfound ~2.79 nm cycle*upto 20 cycles
and then reducesto~2.16 nm cycle'at 60" cycle; itis
dueto reduction of ion concentration in the precursor
solution.

Sructural sudies

The XRD pattern of asdeposited and annealed NiS
thinfilmisshowninFgure 3. Thecomparison between
observed and standard ‘d’ values with ASTM data
shows good agreement between observed and stan-
dard ‘d’ values® which revedl that deposited material
isNiSwithrhombohedrd crystd structure(TABLE 2).
Theasdeposited film showsfive peaks (101), (021),
(220),(401) and (021) and after anneding their inten-
sity increases remarkably with additional two peaks
(300) and (211). It was observed that after annealing
thereisremarkableimprovement in crystallite size of
NiS. Thecrystallite sizewas calculated by using full
width at half maximum (FWHM) and Sherrer’s for-
mula Thegrainsizefor asdeposited and air annealed
NiSthinfilmsat 573 K for 30 minutewasfound to be
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Figure3: XRD patter nsof NiSfilms: (A) asdeposited and (B)
annealed at573K temperature.

TABLE 2: Comparison of theobserved‘d’ valuesof NiSthin
filmwith andar d diffraction data (JCPDSCard N0.12-0041).

Observed d (A% Standard Value
Sample _ , 5

Asdeposited Annealed film d (A°) hkl

2.9433 2.9405 2.946 101

- 2.7775 2.777 300

2.5252 2.5335 2.513 021

NiSfilm 2.4023 2.4024 2.406 220
- 2.2413 2.228 211

1.7387 1.7446 1.7372 401

1.5443 1.5452 15470 012
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13 and 21 nm respectively

Scanning el ectron microscopy isthe convenient
method for sudyingthemicrogtructureof thinfilms. The
microstructure of asdeposited and annealed NiSthin
filmisshownin Figure4. It wasobserved frommicro-
graph that NiSfilmishomogeneousand well covered
with overgrowth of some particles. Themgjority par-
ticleswerecircular in shape and grown on background
of homogenousuniformmaterial. Theannealed film
shows cabbage type parti cleswith rough surface, due
to agglomeration of grains. A clear differenceinmor-
phology before and after annealing isobserved.

Energy Dispersive X-ray analysis

(A)

| m

(B)
Figure4: SEM imagesof NiSthin film: (A) asdeposited and
(B) annealed at 573K .
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Thequantitative analysis of asdeposited NiSwas
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Figure5: EDAX spectrum of asdeposited NiSthin film.
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carried out by energy dispersive X-ray analysis. The
elemental analysiswas carried out for Ni and S, the
averageratio of atomic percentage of Ni:Swas52:48
showing that thefilmscontain Ni Swith deficiency of
sulpher. Figure 5 shows EDAX spectrum of NiSthin
film. Theinclusion of oxygenisunavoidablewhichis
common featurein chemically deposited metal chalco-
genidefilmg?24,

|-V characteristics

Theslver paste was used to make ohmic contacts
for NiSthinfilms. Thenature of contact was checked
by two probe method. Thel-V characteristicof NiS/
Ag contactisshowninFigure6. Thel-V characteris-
ticsfor asdeposited and annealed NiSthinfilmsare
found to be linear, which showsthat silver produces
ohmic contactswith NiS. Theanneaed film show is
more current than as deposited film which may bedue
toimprovementin crystalitestructure.

Electrical resistivity

Thedark electrical resistivity measurement was
carried out inthetemperaturerange 300to 400K. The
measurement showed that theresistivity of asdepos-
ited and annedl ed thin film was of the order of 10¢Q-
cmat 393K. It wasobserved that resistivity decreases
withincreaseintemperatureindicating semiconducting
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Figure6: |-V characterigicof NiSthinfilm: (A) asdeposited
and (B) annealed at 573K.
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Figure7: Variation of Log p with 1000/t for NiSfilm: (A) as
deposited, (B) annealed at 573K

nature of film. Theresistivity decreasesdightly after
annedling, it may be duetoimprovement in crystalline
qudity of film. Thevariation of Log p with 1000/T for
asdeposited and annedled NiSthinfilmisasshownin
Figure7. Theactivation energy iscalculated fromthe
slope and was found to be 0.15 eV for as deposited
NiSfilmand0.13 eV for annedledfilm.

Photoconductivity

The dark and photoconductivity of as deposited
and anned ed Ni Sthinfilm was measured a room tem-
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perature (300K) under identical condition. Thel-V
curvesof dark conductivity and photoconductivity for
asdeposited and annedled NiSfilmsareshowninFig-
ure 8. It was found that both conductivitieswerein-
creased after annealing. It may be dueto diffusion of
sulpher atomstowardssurface of crystal.

Theeffect of intensity on photocurrent isstudied

TABLE 3: Dark conductivity and photoconductivity at 300K
for asdeposited and annealed NiSthin film.

Dark conductivity Photo conductivity

NiS (60) (mhocm™) (6,) (Mho-cm™)
As deposited 16x 10° 2.4x 10°
thin film
Annededthin g g 4¢3 13x 107
film
0.16
—“+A
—~B
(12
L.
<
: |+
§ 0.08
Df
0.04
0 .
0 5 10 15 20 25 30 15
Voitage (V)

Figure8: Variation of current (nA) with voltage (V) for NiS
thinfilms:(A) dark conductivity and (B) photoconductivity of
asdeposted film; (C) Dark conductivity and (D) photoconduc-
tivity of annealed film, at 300K temperature.

with the help of dc two probe method at room tem-
perature. Thevariation of current withlight intensity is
showninFigure9. It wasfound that photoconductivity
increases after annealing it may be dueto sul pher defi-
ciency in NiS composition. Thedark and photocon-
ductivity for asdeposited and annealed NiSthinfilm
measured at 30V isgivenin TABLE 3. The conductiv-
ity of asdeposited NiSfilm changesby 0.8 x 108(mho-
cm'?), however theannealed film showschangein con-
ductivity by amount 4.2 x 108 (mho-cm™). It means
that anned ed filmsare more photosengtive.

flano Soienoe and flano Teohnology
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Figure9: Variation of current (nA) with light intensity (L ux)
for NiSthinfilm: (A) Asdeposted filmand (B) film annealed
at573K.

10000 15000

Optical properties

In present investigation optical absorptionof NiS
thinfilmswere studied inthe wavel ength range 300-
1600 nm (Figure 10) Thespectrarevededthat theNiS
filmshavelow absorbancein thevisibleregion of the
spectrum. However, absorbancewas|owest for sample
A compared with B, C and D. Thelow absorbance of
sampleA can be attributed to the lowest thickness.
Further, the absorption edge was seen to be shifted
dightly towardshigher wavel ength (red shift) asthean-
nedling temperaturewasincreased. Thisshift indicates
decreasein band gap, which can be attributed to in-
creasein grainszewith anned ing temperature.

Thevariation of (ahv)?with hy for NiS thin films is
showninFigure11. Thebandgap energy isdetermined
by extrapolating the straight lineto theenergy axisand
isfound to be decreasefrom 0.92t00.79eV after an-
neding. Thebandgap energy determined by plottingthe
sraight lineto theenergy axisisfoundto be0.92, 0.9,
0.86 and 0.79 eV for as deposited and annealed at
373,573 and 773K temperature Ni Sfilm respectively.

Thermoenf

Thepolarity of thermoemf wasfoundto bepositive
towardsthecold endindicatingthat, NiSisp-typesemi-
conductor. Thedependence of thermoemf ontempera-
turefor asdeposited NiSand annealed NiSthinfilm
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Figure 10 : Variation of (at) with wavelength for NiSthin
films: (A)asdeposited, (B)annealed at 373K, (C)annealed at

573K and (D)annealed at 773K..
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Figure 1l : Variation of (ehv)?with hv for NiSthin films:
(A)asdeposited, (B)annealed at 373K, (C)annealed at 573K
and (D)annealed at 773K.
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was shown in Figure 12. The plot showsthat astem-
perature difference AT increases, thermoemf alsoin-
creases. Thisisattributed toincreasein carrier concen-
tration and mobility of chargecarrierswithriseintem-
perature. The curvefor asdeposited NiSand annealed
NiScrosseseachother & 317.6 K. Thethermoemf curve
for anneded filmismorelinear in natureascomparedto
curvefor asdeposited film. It happensasthefilmmor-
phology of as deposited film gets changed during the
measurement of readings of thermoemf dueto hegting,
however theanneaed film has stablemorphol ogy.
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CONCLUSION

The ssimple SILAR method was used to deposit
largeareananostructured photosengtive NiSthinfilms
on glasssubstrate. XRD studies showed that theNiS
filmshaverhombohedra crysd structure. Thebandgap
energy determined isfound to be decreasefrom 0.92
t0 0.79eV after annealing. Theroom temperaturere-
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Figure12: Variation of thermo emf (mV) with temperature
difference (K) for NiSthin film: (A) Asdeposited and (B)
annealed at 573K.
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sistivity isof theorder of 10°Q-cm at 393K. The NiS
thin filmsgrown by the SILAR method exhibit p-type
electrical conductivity. The IV characteristic and
thermoemf curveof anneded film showsmorelinearity
than asdeposited filmwhichisthecharacteristic of sable
morphology. It wasfound that annealed filmsaremore
photosengtive.
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