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The influenceof isochronalandisothermalannealingfor 0 to 180 minutesandat 27 to
250

�
C, respectively, on the optical andelectricalpropertiesof thin films of Sb2S3 have

beeninvestigated.Thefilms depositedon glasssubstrateby thermalvacuumevaporation
have amorphousstructure,but after annealingat temperaturesabove 200

�
C for 3 hours,

they changeto polycrystallinestructure.Theopticalabsorptioncoefficientbecomeshigher
for subgapabsorptionathigherannealingtemperatures.Thevalueof theopticalTaucgap
anddirectbandgapchangedwith theannealingtemperature.Thedarkelectricalresistivity
showed a decreaseby aboutan orderof magnitudewhenincreasingboth the isochronal
andisothermalannealingtreatment.

PACSnumbers:73.61.Jc,78.66.-w UDC 538.975

Keywords:Sb2S3 thin films vacuumevaporated,amorphousandpolycrystalline,heattreatment,op-
tical andelectricalproperties

1. Introduction

Industrialapplicationsof binarycompoundsemiconductorsstimulatetheinvestigation
of thephysicalpropertiesof amorphousandcrystallinesystems.Therelationbetweenthe
physicalpropertiesandthe local structureis of greatinterestin non-crystallinematerials
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wherethepreparationtechniquesandcompositioncanaffect theshort-andmedium-range
order [1]. The heattreatmentaffectsdirectly the optical andelectricalpropertiesof the
depositedthin films dueto thechangesin theirstructure.

Antimony trisulfide hasmany applicationin the industrysuchas in television cam-
eratubes,microwaves,switchingandoptoelectronicdevices[2-7]. Theaim of thepresent
studyis to investigatetheeffectsof post-depositionheattreatmentontheopticalandtrans-
port propertiesof Sb2S3 thin films.

2. Experimental

Thin films of Sb2S3 werepreparedby thermalvacuumevaporationat about10
� 3 Pa

(10
� 5 Torr) from ingotpowderof 99.99%purity (Merck)on glasssubstrates.Thedeposi-

tion ratewasfixedat1.2nm/s,controlledby aquartz-oscillatorthicknessmonitor(Modem
FTM3, Edwards,England).For investigatingtheisochronalandisothermalannealing,we
havechosentwo valuesof film thickness,3.67and4.68µm. Thefilm thicknesswasdeter-
minedby measurementsof interferencepatternsin thetransmissionspectraof low-energy
photons[8].

Thefilms weredepositedat 27
�
C, andthepost-depositionheattreatmentwascarried

out in argon atmosphereat a pressureof 40 Pa (0.3 Torr) to eliminateany oxidationor
contamination.The isochronalannealingeffectswerestudiedfor films annealedfor 180
minutesat temperaturesfrom 27 to 250

�
C. Theisothermalannealingeffectswerestudied

for films annealedfor time intervalsof 60, 120and180minutesat 220
�
C. Thestructure

of thefilms beforeandafter theheattreatmentwasexaminedby X-ray diffraction(using
X-ray analysisunit XD610from Shimatzu,Japan).Theopticaldatawerederivedfrom the
optical transmissionspectrameasuredby spectrophotometerModel PC3101from Schi-
matzu.Thefilms weremeasuredin thespectralrangefrom 200to 2500nm at 27

�
C. The

DC electricalresistivity measurementsweremadeusingthe four-probemethodafterde-
positingfour ohmiccontactelectrodesof Al, madeby thermalevaporationin avacuumof
about0.001Pa (10

� 5 Torr). Themeasurementsweremadein ambientatmosphereusing
electrometerKeithley Model614andDC precisionpowersupplyModel1610A.

3. Resultsanddiscussion

The compositionof the investigatedfilms before annealingwas determinedto be
Sb43S57 by EDX analysis.The changeof stoichiometryafter annealingwasnot observ-
able. It was also found by the EDX analysisin different regions of eachfilm that the
compositionis thesameall over thefilm. This confirmedtheuniformity of theprepared
films.

Theas-depositedSb2S3 films haveamorphousstructureasshown by X-ray diffraction
technique.Thefilms maintaintheir amorphousstructureevenafter isochronalannealing
for 180minutesat temperatureslower than200

�
C. Films annealedat temperaturesabove

200
�
C changefrom anamorphousstructureof abrowncolourto apolycrystallinestructure

of a dark-graycolour. The films have a goodadherenceto the glasssubstrate.Figure l
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shows the X-ray diffraction patternsof films of thickness3.67 µm, annealedat 200
�
C

(A) and250
�
C (B). As determinedfrom patterns,thestructureof thefilms changedinto

polycrystallinewith orthorhombicunit cell. The characteristicpeaksof Sb2S3 and the
interplanarspacingvaluesd werecalculated,andaregivenin Table1 andindicatedin Fig.
1. They arein agreementwith thevaluesreportedby Doroichietal. [9]. It appearsthatthe
preferredorientationof suchgrown polycrystallinefilms is [211], which is perpendicular
to thesubstrateplane.At 250

�
C,asthecrystallizationprocessproceeds,theintensityof the

(211)peakincreases,indicatingfurtherorientationof thefilm crystallitesin thisdirection.
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Fig. 1. X-ray diffractionpatternof Sb2S3 film annealedfor 180minutesat200
�
C (A) and

at250
�
C (B).

Figure2 shows the X-ray diffraction patternsfor films 4.68µm thick, which exhibit
effectsof isothermalannealingat220

�
C for timeintervalsof 60,120and180minutes.It is

obviousthatfilms annealedfor a timelessthan180minutesstill maintaintheiramorphous
structure.As theannealingtime wasincreasedto 180minutes,thefilm structurechanged
to polycrystallineof orthorhombicunit cell. That is indicatedby thecharacteristicpeaks
of Sb2S3 andinterplanarspacing,calculatedandshown in Fig. 2 andin Table2. Thepeak
of highestintensity for

TABLE 1. X-ray analysisof Sb2S3 films annealedat 200
�
C (A) andat250

�
C (B) for 180

minutes.
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Thismeasurement Thismeasurement JCPDS—TCDD
(A) (B)

d(nm) I
�
I0 d(nm) I

�
I0 d(nm) I

�
I0 hkl

0.574 50 0.571 48 0.5654 35 (020)
0.503 39 0.498 39 0.505 55 (120)
0.397 32 0.4004 26 0.3987 30 (220)
0.363 45 0.364 47 0.363 30 (101)
- - 0.3554 45 0.3556 70 (310)
0.3172 47 0.176 44 0.3178 18 (021)
- - 0.316 32 0.3128 35 (230)
0.3042 100 0.305 100 0.3053 95 (211)
0.2761 72 0.276 71 0.2764 100 (221)
0.268 42 0.268 44 0.268 50 (301)
0.2604 27 0.260 27 0.2609 25 (311)
0.2514 22 0.251 21 0.253 45 (240)
0.2273 21 0.2274 20 0.2277 25 (041)
0.196 20 0.1936 19 0.194 45 (501)
0.1885 30 0.1879 29 0.1885 10 (060)
0.1832 30 0.1864 28 0.1871 10 (600)
0.172 15 0.1728 23 0.1729 20 (222)
0.1687 23 0.1689 24 0.169 35 (132)

films annealedat 220� C for 180 minutesis (020), which is similar to the highestpeak
intensity(020)of theingotpowderusedfor evaporationof films (Table2). Theappearance
of the highest[211] peakintensity in the caseof isochronallyannealedfilms, which is
differentfrom thatof theSb2S3 powderandisothermallyannealedfilms, maybedueto a
slightdeviationfrom theperpendicularorientationof thesourceto thesubstrateduringthe
film deposition.It wasreportedthat the(020)orientationis preferablefor films prepared
at substratetemperatureof 220� C [10].

The optical absorptioncoefficientsα asfunction of the photonenergy E for the as-
depositedfilms, andthosewhichwereisochronallyannealedat150,200,250� C, of thick-
ness3.67µm,areshown in Fig. 3. It is clearthattheabsorptioncoefficientbecomeshigher
for subgapabsorptionastheannealingtemperatureincreased.Theas-depositedfilms and
annealedonesat 150� C have the samecharacteristicbehaviour of the absorptioncoeffi-
cient in spectraof amorphousmaterials,i.e., the coefficient becomesslightly higherfor
subgapabsorption.Theslopeof theabsorptionedgeis slightly steeperfor theas-deposited
films thanof thefilms annealedat 150� C, while thevaluesof α � 103 cm� 1 aredifferent.
Theabsorptioncoefficientsof films annealedat200� C and250� C havedifferentbehaviour
thanothersamplesdueto thechangein theirstructurefrom amorphousto polycrystalline,
asindicatedin Fig. 1. As theannealingtemperatureincreasedfrom 200to 250� C, theab-
sorptioncoefficient at lower energiesincreases.That is accompaniedby anenhancement
of crystallizationof thefilm annealedat250� C.
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Fig. 2. X-ray diffraction patternof Sb2S3 films annealedat 220� C for 60, 120 and180
minutes.

TABLE 2. X-ray analysisof Sb2S3 film, annealedfor a time of 180 minutesat 220� C,
comparedwith theingotpowderandthestandardcarddata.

Thismeasurement, Thismeasurement, JCPDS—TCDD
thin film ingotpowder

d(nm) I 	 I0 d(nm) I 	 I0 d(nm) I 	 I0 hkl
0.803 10 0.804 22 0.799 16 (110)
0.577 100 0.572 100 0.565 35 (020)
0.507 59 0.512 66 0.505 55 (120)
0.397 18 0.4004 36 0.399 30 (220)
0.358 73 - - 0.355 70 (310)
0.346 13 0.333 17 0.345 25 (111)
0.311 23 0.313 54 0.312 35 (230)
0.304 22 0.305 52 0.305 95 (211)
0.275 19 0.276 57 0.2764 100 (221)
0.268 11 0.268 31 0.268 50 (301)
0.254 26 0.252 71 0.252 45 (240)
0.209 13 0.210 41 0.2101 20 (421)
0.194 11 0.194 47 0.194 45 (501)
0.188 10 0.188 70 0.188 10 (060)
0.169 8 0.169 46 0.169 35 (132)
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Fig. 3. Opticalabsorptioncoefficient α asa functionof photonenergy E for Sb2S3 films
as-depositedandannealedfor 180minutesat150,200and250
 C.
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Fig. 4. Variation of � αhν � 1 2 with photonenergy hν for Sb2S3 films as-depositedand
annealedat150
 C for 180minutes.
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Theopticalgapof theas-depositedandof annealedfilms at150� C, dueto theindirect
bandto bandtransitionin amorphousmaterials,wasestimatedfrom theempiricalrelation
[11]

αhν � B � hν � EG � 2 �

whereEG is theTaucopticalgapandB is a constant.Figure4 shows therelationbetween
� αhν � 1� 2 andthephotonenergy hν for amorphousfilms. Theextrapolationof the linear
partof thecurvesindicatesthattheTaucopticalgapshave thevaluesof 1.75and1.72eV
for theas-depositedfilms andfilms annealedat150� C, respectively.
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Fig. 5. Variationof � αhν � 2 with photonenergy E for Sb2S3 film annealedat250� C for 180
minutes.

For polycrystallinefilms, theopticalgapis estimatedfrom theexperimentaldatawhich
satisfytherelation

αhν � D � hν � Eg � 1� 2 �

whereEg is theopticalgapdueto thedirecttransitionandD is aconstant.FromFig. 5, the
derivedvalueof theopticalgapof polycrystallinefilms annealedat 250� C is 1.8eV [12].
Thematerialof thefilms annealedat250� C representscrystallinematerialasthetransition
temperatureis 214� C andthecrystallizationtemperatureis 248� C [9].

The dark electrical resistivity of the films of thickness3.67 µm, as-depositedand
annealedat 150, 200, 220 and 250� C, as a function of their isochronalannealing,is
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Fig. 6. Dark electricalresistivity ρ asa function of annealingtemperatureT for Sb2S3
films annealedfor 180minutes.
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Fig. 7.Darkelectricalresistivity ρ asafunctionof annealingtimefor Sb2S3 films annealed
at temperatureof 220� C.
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shown in Fig. 6. It is observedthat thedarkelectricalresistivity decreasessharplyby an
orderof magnitudeasthe annealingtemperatureis increasedfrom 27 to 200� C, dueto
the changein the structureto the polycrystallineform. The changeis slow from 200 to
250� C dueto anenhancementof crystallinity (seeFig. 1). Theelectricalresistivity tends
to bestablefor thecrystallineform of thematerial.Theannealingtemperaturesfrom 200
to 250� C donotplaya considerablerole in thedarkelectricalresistivity.

Thedarkelectricalresistivity of thefilms of thickness4.68µm, annealedat 220� C, as
function of their annealingtime, is shown in Fig. 7. As the annealingtime increasesup
to 120minutes,a slight steadydecreasein darkelectricalresistivity occurs.This maybe
dueto the decreasein the degreeof disorderin the amorphousmaterial.As the time of
annealingincreasesfrom 120to 180minutes,a sharpexponentialdropin thedarkelectri-
cal resistivity is observed.This decreaseis correlatedwith thechangefrom amorphousto
polycrystallinestructure,asconfirmedby analysisof Fig. 2. Fromthestudyof theelectri-
cal resistivity of theannealedfilms, it is foundthatin thetemperaturerange200to 250� C,
theimportantfactoris theannealingtime,sincefor 180minutes,theresistivity decreases
sharply. This is in accordancewith theX-ray diffractionresults,which showedthat if the
films areannealedat200� C for 180minutes,thepolycrystallinefilms areobtained.

4. Conclusion

Theisochronalandisothermalannealingtreatmentsup to 250� C have their effectson
the structure,the optical andthe electricalpropertiesof Sb2S3 thin films. The structure
of the films changesfrom amorphousto polycrystallinewith orthorhombicunit cell at
annealingtemperaturesabove 200� C for annealingtimesgreaterthat 180 minutes.The
absorptioncoefficientof isochronallyannealedfilmsbecomeshigherfor subgapabsorption
asthe annealingtemperaturesincrease.For amorphousfilms, the optical gapdueto the
indirecttransitionshowsadecreaseto 1.72eV for thefilm annealedat150� C, while it has
aslightly higherdegreeof disorder, asobservedfrom theslopeof theabsorptionedge.The
films annealedat 250� C have an opticalgapof 1.8 eV dueto thedirect transitionin the
polycrystallinematerial.

Theelectricaltransportpropertieswerealsoaffectedby theisochronalandisothermal
annealingwhichis accompaniedby adecreaseof thedarkelectricalresistivity by aboutan
orderof magnitude,dueto thecrystallizationof thefilms.
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UTJECAJTOPLINSKEOBRADENA FIZIČKA SVOJSTVA TANKIH SLOJEVA
ANTIMON TRISULFIDA

Ispitivao se je utjecaj izotermǐckog toplinskog otpǔstanjana optička i elektrǐcna svo-
jstva tankih slojeva Sb2S3 na temperaturama27 do 250� C i u vremenimaod 0 do 180
minuta. Tanki slojevi dobiveni vakuumskimnaparavanjemna staklenupodlogu imaju
amorfnustrukturu,ali nakon otpǔstanjaiznad200� C kroz 3 sataoni mijenjajustrukturu
u polikristaliničnu. Optički apsorpcijskikoeficijent rasteza podprocijepnuapsorpcijus
povišenjemtemperatureotpǔstanja.VrijednostoptičkogTaucovogprocijepai izravni pro-
cijepmijenjali suses temperaturomotpǔstanja.Tamnaelektrǐcnaotpornostseje smanjila
zaredveličinekadaseje povećalovrijemeotpǔstanjai temperatura.
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