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Thin films of bismuthsulfide(Bi»Sgz) weregrown by two depositiortechniqueshy thermal
evaporatiorandby chemicaldepositionThethermallydepositedeactiongonsistedn de-
positingtheindividual elementspamelybismuthandsulfur, sequentiallyffrom a tungsten
boatsourceandallowing thelayersto interdiffuseto form the compoundduringthe heat-
treatmentThechemicaldepositionvasbasednthereactionbetweerthetriethanolamine
compe of Bi®t ionsandthiourean basicmedia.ScanningelectrormicroscopendX-ray
diffraction analysiswere madeon as-depositedndon annealedilms to determinetheir
structure Thedifferentelectronidransitionsandtheopticalconstantaredeterminedrom
the transmisionandreflectiondataof thesethin films for normalincidence.The optical
gapsof Bi»S; films shav aremarkablalependencen the preparatiormethod.

1. Introduction

The knowledgeof the optical propertiesof thin films is very importantin mary sci-
entific, technologicabndindustrialapplicationsof thin films suchasphoto-conductiity,
solarenepy, photographyandnumeroustherapplicationsDirectbandgapsemiconduc-
torswith badgaps$n therangel.2to 1.7 eV arewell suitedto corvertlight into electricity.
In this respectbismuthsufide(Bi»Sz) seemdo be a promisingmaterial,sinceit shovs
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a strongabsorptionof light of wavelengthsshorterthan900 nm. The optical bandgaof
Bi»S; films is in therangel.2to 1.7 eV [1-7]. Sincethe photovoltaic propertiesare di-
rectly relatedto the materialproperties,the choiselies in both the preparationmethod
andthe characterizatiotechniquesOnly a few methodshave beenusedto prepareand
characterizéhe bismuthsulfidematerial,bothin singlecrystalandpolycrystallineforms,
anddifferentaspectf elecrochemicabehaiour have beenreported8-10]. Peter[11]
shavedthatthe electrodepositeBi,Ss films have two transitionsoninteractionwith light,
anindirectoneat 1.25eV, andadirectoneat 1.7 eV. Thelatteris particularlyinteresting,
sincesatishctory adsorptionof visible light via a direct transitioncan be obtainedwith
films of a just few micronsin thickness.The chemicalprocesdor the preparatinof thin
films offerstheadwantage®f economyconvenienceandthe ability to depositlargeareas.

In the presentwork, the mostfavorableresultsare obtainedwith thin films of BixSg
formed by two depositiontechniqueqthermalevaporationand chemicalmethod). The
materialobtainedvascharacterizethy opticalmeasurementndtheresultsarediscussed
in connectiorwith the crystalstructureof the film. As far aswe know, no reporton the
optical propertiesof polycryctallinestoichiometricfilms of Bi»Ss, prepareddy thermal
evaporationhasbeenpublished.

2. Experimentaprocedue

The depositionbathhasbeenpreparedollowing the procedureseportedin previous
paperq3,12-14].The detailedprocedurds: 1 M solutionsin distilled water, of thiourea
and of bismuthnitrate were prepared A definite volume of the bismuthnitrate solution
wascomplexedby the additionof triethanolamineThis wasfollowedby the additionof 1
M thioureaand17 N ammonialaq.)andwater Thebasicoverall reactionis [9]:

NH; NH;
2Bi[N(CH,CH,0Hz]3t=C — BiyS3+30=C +(A)

NH> NH>
whereA is thecompleing agentN (CH,CH,OH)s.

For a freshly prepareccomplec solutionandat a depositiontemperaturearound373
K, goodquality depositsare obtainedfor pH around9.5. After the deposition the films
werecleanedby flushingwith distilled waterandthendried. The thicknessof the layers,
measuredy weightdifference-densitgonsiderationdiesin the500to 900nmrange.The
structurestudiesveremadeby usingJSM-T,g scanningelectronmicroscopeanda Philips
X-ray diffractometemodelPW 1390with the CuKa target. Transmissiity andreflectivity
of thesefilms in the wavelengthrange300-3000nm weremeasuredt normalincidence
usinga doublebeamscanningspectrophotometaype UV-3101PCfrom SchimadzuThe
accuracie®f thesemeasurementsere betterthan0.3%and0.5%for transmittancend
reflectancerespectiely, in almostthewhole measuregpectrumAll measurementere
performedon the film depositedn the surfaceof the glassslide which facedthe wall of
thebealer. Thesefilms weresmoothandof uniformthickness.
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Also, Bi,Sz films were preparedby the thermalevaporationtechniquein which the
individual elementgbismuthandsulfur) wereevaporatedrom atungsterboatundervac-
uumconditionsof 10~4 Pa. The compoundilms weredepositedn glasssubstratéeptat
nearlyroomtemperatureThefilms wereheat-treatedt 453K for 5 hoursin air. Thesam-
plesweregivenanoverlayerof carbonin anattemptto reducethe possiblere-evaporation
duringheat-treatmenihethicknesf thefilm wasmeasuredyy the Tolansk/’stechnique
[15].

3. Resultsanddiscussion

3.1. Chemicallydepositedilms

Thematerialwasfurthercharacterizetdy structuralandopticaltechniquesThechem-
icaly depositedhin films werefoundto be amorphousn the as-prepareéorm. After air
annealinghear523K, thethin films becomecrystalline,asfoundby XRD andmicroscopic
obsenations(Figs. 1 and2). Theseobsenationsarein closeagreementvith the results
reportedby otherinvestigatord4,9,16]. The transformatiorof the predomenantlyamor
phousstateof the "as-prepared’sampleto crystallinestateis alsoevidentin the optical
density[14], wherethe absorptioredgeis shiftedto a lower wavelength.This behaiour
may indicatea dropin the opticalbandgap.

20 40

Fig. 1. X-ray diffractionpatternsof chemicallydepositedBi,S; films: a) asdepositedp)
annealeat523K for 35min.

Figure3illustrategheexperimentatransmissio{T) andreflection(R) of anon-heated
sample590nmthick. It is clearfrom the curvesthatthe absorbanceés high for photonsof
enegy greaterthanthe bandgapOn the otherhand,beyondthe gapedgethe absorbance
is very smallandthe transmittancés high, which indicatesthatthe obtainedsampleis of
low impurity andhasfew lattice defects.
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Fig. 2. Scanninglectrormicrograptof non-heatedndheatedhemicallydepositedBi;Ss
films, eachof a thicknessl =~ 860nm: a) nonheated,10500x, b) heatecat 523K for 10
min., 10 500x, c) heatedat 523K for 35 min., 6000x, d) heatedat 573K for 10 min.,
6000x, ande) heatecat 573K for 35min., 6000x .

Theabsorptiorcoeficient (a) andtheopticalconstantgn, k) aredeterminedrom the
transmissiorandreflectionspectrunbasedn thefollowing relations[17]:

_ (1_ R)Ze—ud
T 1= R2g—20d ? (1)
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whered is thefilm thicknessanda is relatedto the extinction coeficientk by:

k=aM/4m (2)
T
50 -
o~
o
R
) M
300 1650 3000

A /nm

Fig. 3. Transmission] andreflection,R, spectrunof a typical Bi,Sz thin film (d = 590
nm).
Therefractive index (n) canbe determinedrom R andk usingtherelation:

(n—1)24k?

R=(nr e

©)

The resultingvaluesof the optical constantgn, k) asfunctionsof photonenepgy arepre-
sentedn Fig. 4. Thefiguredemonstrat¢éhatthe extinction coeficient (k) hasits minimum
valueatlow enegy andincreasesvith increasingphotonenepy, while therefractveindex
(n) approximatelyconstant.

Theabsorptiordataatlong wavelengthsareparticularlyinterestingfor the determina-
tion of thebandgamf Bi>Sg with reasonablaccurag. Theenagy-absorbancspectruris
shavn in Fig. 5, asatestfor indirectanddirectinterbandransitions Theabsorptioredge
is muchbroadetthanexpectedor adirect-bandgaptypematerial.This canbeascribedo
thegrain-boundaryliscontinuityeffectin the structureandlack of stoichiometrygenerally
obsenedin polycrystallinematerialq4,9].
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Fig. 4. Variationof the opticalconstantgn, k) with photonenegy (hv) (d =~ 590nm).
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Fig. 5. Variation of optical absorptioncoeficient(a) with photonenegy (hv) (d = 590
nm).

For a large numberof semiconductoran both crystallineandamorphoudorms, the
dependencef the absorptioncoeficient (a) on the photonenegy (hv), for optically in-
ducedtransitionstakestheform:

o= A(hv—E)™, (4)
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wherekyg is the opticalenagy gap,A is aconstanandm= 1/2 or 2 for analloweddirect-
or indirect-transitiorenayy gap,respectiely.
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Fig. 6. Variationof ./a vs.hv (d ~ 590nm).

Clearly, the transitionat ~ 1.28 eV is indirect sincethe plot of a'/2 vs. hv is linear
(Fig. 6). This valueagreeswell with otherreports,althoughno detailedanalysisof the
transitionappeardo have beenpreviously reported[1,2,11]. On the otherhand,thereis
evidencethatan additionaldirecttransitionmay begin at 1.68eV, sincethe plot of a? vs.
hv is linearabovethis photonenepgy (Fig. 7). Thisvalueagreesvell with thevalue(~ 1.7
eV) for amorphoudilms [3-5]. It hasbeenfoundfrom the X-ray analysigFig. 1a)thatthe
Bi»S; films areamorphousThedirecttransitionat1.68eV would make Bi»S3 particularly
suitablefor solarenegy corvesionsincerelatively thin films couldbeused.

3.2. Thermallydepositedilms

The reflectionandtransmissiordatawererecordedfor mary BiSz thin films of dif-
ferentthicknesse§18]. Theabsorptiorcoeficient (a) is obtainedfrom theratio of trans-
mission(Ty—>) of two thin films of differentthicknesseaccordingo therelation:

In(T/T2) = aAd, (5)

whereAd is thethicknesdifferenceof thefilms.

FIZIKA A 6(1997)3,111-120 117



MAHMOUD ET AL.: OPTICAL CHARACTERISTICSOF BISMUTH SULFIDE ...

60 —
d =590 (nm) /
non heated
~ 40
£
2
E
o
3
20
0 = - 1 1 1 -
0.4 0.6 0.8 1.2 1.4 1.6 1.8 2 2.2
hv eV
Fig. 7. Variationof a? vs.hv (d &~ 590nm).
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Fig. 8. Variation of the optical constantgn,k) with photonenegy (hv) - thermally de-
positedfilm (d ~ 500nm heatecat 453K ).
Figure8 shavstheopticalconstantgalculatedrom Egs.(2), (3) and(5) for theheated
sampleat 453 K. Theestinctioncoeficient (k) increasegraduallywith photonenegy up
~ 1.5 eV andthenrapidlyincrease$or hv > 1.5 eV. Thevaluesof therefractive index (n)

agreewith thevaluesgivenin Ref. 6.
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Thedirectenegy gapis calculatedrom therelation
(InT/T2)? = (aAd)? = A(hv — Ey). (6)

Analysisof the shift in the bandedgeof absorptionin termsof conductionandvalence
bandextremaat the centreof Brillouin zonerevealedthe existenceof thedirecttransition.
The directenegy gapis found from the interceptof the straightline portion of the plot
of (InTy/T2)? vs. hv (Fig. 9). The extrapolationof the graphgivesthe magnitudeof the
bandgapof 1.58 eV, which is in good agreementvith the valuesobtainedby the other

authorg3,4,7,15,18].
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Fig. 9. (InT1/T2)? vs.hv for thermallydepositedBi,Ss film (d ~ 500nm).

4. Conclusion

Amorphougphase®f any materialwith thesameco-ordinatiorasthatof thecrystalline
phasehave approximatelythe samebandgap.In otherwords,thebandgapvaluedoesnot
dependon whetherthe film is crystallineor not, but only on the co-ordination.Sincethe
bandgapvaluein thethermalmethod(1.58eV) is lowerthanthatof chemicaimethod(1.68
eV), it mustbe concludedhattheamorphouphasgchemicalimethod)hasa differentco-
ordinationthanthe crystallinephase(thermalmethod).Ordinarily, in amorphougphases,
the averageco-ordinationwill be low [19,20]. Thus, the low value of bandgapin the
thermalmethod(1.58eV) may be dueto the highervaluesof co-ordinationnumberthan
thatof amorphougphasechemicalmethod).
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OPTICKA SVOJST\A TANKIH SLOJE\A BISMUT SULFIDA Bi»S;

Tanki su slojevi bismutsulfida(Bi»Sz) nafinjeni dvjemametodamayakuumskimnapar
avanjemi kemijskim talozenjem. Ti su se slojevi istrazivali sustano-pretranom elek-
tronsltom mikroskopijom i difrakcijom rentgenskg zratenja, prije i nakon termickog
opustanja.NaSaoseje niz elektronskihprijelazai odredilese opticke konstantena os-
navi transmisijskih refleksijskinpodatakaza okomitu upadnusvjetlost.Opticki procijepi
Bi»S; pokazujuprili€nuovisnosto metodipripremanija.
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