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Copperindiumdisulfide(CuInS2) thin films werethermallyandchemicallyprepared,and
thestructural,opticalandelectricalpropertieswereinvestigated.X-ray analysisindicates
onlysingle-phasechalcopyritewith noextraplanes.Theopticalandthethermalenergygap
wasdetermined.Thegapof theannealedthermally-preparedsamplesin sulfur vapouris
greaterthanof theas-depositedfilms, which indicatesthedecreaseof d-level contribution
to thevalenceband.

1. Introduction

TheternarycompoundCuInS2 belongsto the I-III-VI family of semiconductorswith
chalcopyrite typestructure[1]. Its spacegroupis I42d, with tetragonalunit cell in which
thecopperandindiumatomssit in distinctlatticesites.In recentyears,thisgroupof mate-
rials hasreceivedconsiderableattentiondueto their orientedusein many opto-electronic
applicationsin efficient thin-film solarcells[2,3]. Theelectricalconductivity of then-type
CuInS2 is governedby sulfur vacancies,coppervacanciesandindium interstitials,while
the p-type is characterizedby interactionof sulfur andcoppervacancies[4]. B. Tell et
al. [5] have found that all the coppercompoundsare readily madep-typeby annealing
at a temperaturein the range873 to 1073K in sulfur vapours.The fundamentalenergy
gaphasbeenstudiedby many investigators[5–8]. Its direct value lies in the rangebe-
tween1.50and1.55eV at roomtemperature,andslightly increasesat lower temperatures
[9]. Thetemperaturedependenceof theenergy gapsfor sulfur annealedCuInS2 films has
beenstudiedby photo-reflectancemethodin the temperaturerangeof 10 to 300 K. The
reportedvaluesindicateconsiderablediscrepancies[10]. Thepresentwork is dealingwith
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thestructureandtemperaturedependenceof theopticalandthermalenergy gapof CuInS2
films preparedby differenttechniques.

2. Experimental techniques

Thin CuInS2 films 100 to 400 nm thick were preparedby the thermalevaporation
underhigh vacuumandby thechemicalbathdeposition(CBD) from copper, indium and
sulfur complexes.For theevaporationmethod,thestartingingot waspreparedby mixing
stoichiometricallyelementsof copper, indiumandsulfur in a sealedsilica tubewhichwas
thenevacuatedto a pressureof about10

� 2 Pa. Themixturewasthenheatedat 873K for
55 hours.Thefilms werethermallydepositedby evaporationfrom a tungstenboat,under
a vacuumof 10

� 4 Pa. The depositionwascarriedout on pre-cleanedglassslideswhich
werekeptat roomtemperatureduringthefilm deposition.

Thechemicalbathdepositionis basedontheslow reactionbetweentheslowly released
Cu
�

, In
�

andS
�

ionsfrom their complexesaccordingto thefollowing steps:

CuCl2 + NH3
� [Cu(NH3)4]2

�
(1)

InCl3 + TEA � [In(TEA)]2
�

(2)

CS(NH2)2 + OH
� � CH2N2 + H2O + HS

�
(3)

HS
�

+ OH
� � S2 � + H2O (4)

Theoverall reactionis:

[Cu(NH3)4]2
�

+ [In(TEA)] 2
�

+ S2� � CuInS2 + solution, (5)

whereTEA is thetriethanolaminesolution(C6H15N).

Thetemperatureof thegrowth solutionwasmaintainedat about338K duringthede-
position.Thefilm thicknesswasmeasuredby theinterferenceandby weighingmethods.
Theopticalpropertiesof thefilms weredeterminedfrom thetransmissionspectraobtained
by Shimadzu-240spectrophotometerover the spectralrange300 to 900 nm. The struc-
turalanalyseswerecarriedoutusingJOELModelJSM-T20scanningelectronmicroscope
andPhilips PW 1390X-ray diffractometer. The resistancewasmeasureddirectly using
Keithley 617programmableelectrometerhaving aninput impedanceof about1016 Ω.

3. Results and discussion

Thesurfacetopographyof CuInS2 films preparedby chemicalbathdepositionmethod
wasstudiedby the scanningelectronmicroscope.The surfaceof the depositedlayersis
smoothandwell adherentto thesubstrate.A homogeneousfilm wasobservedover large
areas.Thegrainsizeincreasesandbettergrainboundariesappearedwhenincreasingthe
film thickness(Figs. 1a, b andc). The grain sizeincreasesandbecomesuniformly dis-
tributedover thewholeareawhenheatingthefilms at523K in vacuum.Someaggregates
of opaquegrainscanbeobservedasshown in Fig. 1d. This behaviour is comparedwith
thedataof X-ray diffractionshown in Fig. 2. Weakdiffractionpeakwasrecordedfor the
as-depositedfilm. By heatingthe film at 523 K, the presenceof reflectionplanes(112)
stronglyimply theformationof thechalcopyritephase.Also, theseresultsindicatethatthe
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crystallinityof thefilm hasbeenimprovedby theannealingtreatment,in accordancewith
thework of Samaanetal. [11].

Fig. 1. Scanningelectronmicrographsof chemicallydepositedCuInS2 films of thickness
a)d � 150nm, b) d � 200nm, c) d � 230nmandd) d � 230nmheatedat523K.

Theabsorptioncoefficientsα of thefilms wereestimatedfrom thenormalincidence
transmittanceT andthe correspondingcalculatedphaseshift θ f for limited wavelength
regions,accordingto therelations[12]:

T � Tf nsTs

1 � Rb
�
1 � Ts � �

�
6�

nsTf � 16ns
�
n2 � k2 �

C2 � D2 �
�
7�

θ f � arctan
kC � nD
kD � nC �

�
8�
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where

Ts 	 4ns

1 � ns � 2 




9�

C 	 eK � � 
 1 � n � 
 n � ns ��� k2� cosN � k


1 � 2n � ns � sinN ��� (10)

e� K � � 
 1 � n � 
 n � ns � � k2� cosN � k


1 � 2n � ns� sinN � 


D 	 eK � � 
 1 � n � 
 n � ns ��� k2� sinN � k


1 � 2n � ns � cosN � � (11)

e� K � � 
 1 � n � 
 n � ns � � k2� sinN � k


1 � 2n � ns � cosN � 


where
K 	 2πkd � λ 
 N 	 2πnd � λ 
 and



12�

α 	 4πk � λ � 

13�

Here,n andk aretheopticalconstantsof thefilm, Tf is the transmittedamplitudeinside
thesubstrate,Ts is thetransmittanceof thesubstratesurface,Rb is thereflectancefrom the
backof thefilm insidethesubstrateandns is therefractiveindex of thesubstrate.

Fig. 2. X-ray diffractionof chemicallydepositedCuInS2 films.
Figures3a and4a show the transmittanceT versusthe photonwavelengthλ for the

as-depositedandfor theannealed,chemicallyandthermallypreparedCuInS2 films nearly
230nmthick.Thecurvesdemonstratehightransmittancebeyondtheedge,whichindicates
thatthepreparedfilms areof minimumimpurity andlatticedefects.

174 FIZIKA A 6 (1997)4, 171–179



MAHMOUD AND EID: SOME STUDIES ON CHEMICALLY AND THERMALLY . . .

Fig. 3. Plotsof a)T vs.λ, b) � αhν � 2 vs.hν for chemicallydepositedCuInS2 films.

The absorptiondataaroundthe gap edgewere analysedusing the direct transition
relationof theform:

αhν ��� hν � Eg � 1� 2 � � 14�

The allowed energy gapEg wasdeterminedfrom the extrapolationof the linear part of
plot of � αhν � 2 vs. hν asshown in Figs. 3b, 4b and4c. This is expectedsinceCuInS2 is
a direct band-gapsemiconductor[3]. The plots show that energy gapof the chemically
as-depositedandannealedfilms is 1.5 eV (Fig. 3b). This valueis higherthanthe value
of 1.45eV reportedby Bihri et al. [13] andin goodaccordancewith thevalueof 1.5 eV
reportedby Binsmaetal. [14,15]andPadamCuInS2 films.
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Fig. 4. Plotsof a)T vs.λ, b andc) � αhν  2 vs.hν for thermallydepositedCuInS2 films.

Ontheotherhand,thethermallyas-depositedfilms demonstratetwo opticaldirecttran-
sitionsof 1.5eV and1.72eV (Fig. 4b).Theenergy gap(1.72eV) is mostprobablydueto
theoptical transitionsfrom thecopperd-statesin thevalencebandto the lowestconduc-
tion bandminimumwhich disappearedby heating.This resultis confirmedby Neumann
etal. [18], wherea transitionof 1.6eV - 1.7eV wasassignedto anopticaltransitionfrom
thevalencebandmaximumat or neartheboundaryof theBrillouin zone(at thepointsT
or N) to theconductionbandminimumat thezonecentre.Thethermallydepositedfilms,
heatedat623K and700K in sulfuratmospherefor about15minutes,yield avalueof 1.52
eV (Fig. 4c) which is greaterthanthe valueof 1.5 eV for the non-heatedfilms. The in-
creasein transitionfor sulfurannealedfilms hasbeenpreviouslyreported.Thisbehaviour
is explainedaseitherdueto thereductionof thed-level contribution in theuppervalence
bandor thechangeof latticedistancecausedby natureof thenativedefects[18,19].
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Fig. 5. Plotsof logR vs. 1000! T for chemicallydepositedCuInS2 films. a) as-deposited,
b) heatedto 523K andc) heatedat523K with excesssulfur.

The electricalresistanceof the as-depositedandannealedchemicallypreparedfilms
230 nm thick wasmeasuredin the temperaturerangefrom 300 K to 673 K asshown in
Fig. 5. The presentedrelationmay be divided into two regions,extrinsic and intrinsic.
Thecurvesshow a decreasein resistivity on annealingundervacuumwhich is dueto the
improvementof the crystalquality. On annealingin excesssulfur, the resistivity is still
reduceddue to addition of more carriersby sulfur interstitials. In the low temperature
region ( " 373K), theactivationenergy for theas-depositedandundervacuumannealed
films is 0.12 eV. This may be attributedto someshallow acceptorlevels introducedby
coppervacancies.Similar work hasbeendoneby Look andManthuruthll[20] on CuInS2
singlecrystalandthey found an acceptorlevel at 0.15 eV. The predominantdefectsare
sulfur andcoppervacancies,but the presentspecimenis p-type,which implies that the
concentrationof coppervacanciesis greaterthanthatof sulfur. On annealingin excessof
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sulfur, theactivationenergy in thelow temperatureregion increasesup to 0.33eV. This is
associatedwith a deepacceptorlevel createdby theinterstitialsulfur atoms.It wasstated
[10] thatannealingin excesssulfurremovesthedonordefectssuchasIni andInCu, leaving
the coppervacancy. But sincethe level is different from the mentionedone(0.15 eV),
sulfur interstitialsarisingafterannealingin excesssulfurcouldbetheexplanation.

In thehightemperatureregion(intrinsic),theplotsof lnR vs.1# T (Fig.5) yield avalue
of 1.51eV for theenergygapEg. Thisvalueis closeto thevaluesobtainedfrom theoptical
methodandit is nearlyequalto thevaluesreportedearlierusingdifferenttechniques.

4. Conclusion

Theelectricalresistanceof theas-depositedandannealedchemically-preparedsingle-
phaselayersof CuInS2 indicatestheextrinsicandintrinsicregions.Theannealingin sulfur
vapourdecreasestheresistivity dueto a decreaseof the latticedefectsandanincreaseof
theholeconcentration.A directtransitionwith anopticalgapof 1.5eV wasobserved.The
gapof annealedthermally-preparedfilms in sulfur is greaterthanof theas-depositedfilms,
indicatinga lessercontributionof thed-level to thevalenceband.
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PROUČAVANJEKEMIJSKI I TERMIČKI PRIRED– ENIH TANKIH SLOJEVA CuInS2

Tanki slojevi bakarnogindij disulfida (CuInS2) prired–eni su kemijski i naparavanjemu
vakuumu,i istrǎzivanasu njihova strukturna,optička i elektrǐcnasvojstva. Rendgenska
strukturnaanalizapokazujesamojednofazni kalkopirit bez dodatnihravnina. Odred–eni
suoptički i termǐcki procijepi.Procijepnaparenihslojeva, otpǔstanihu paramasumpora,
veći od procijepasvjěze naparenihslojeva. To ukazujena smanjenjedoprinosad-pojasa
valentnompojasu.
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