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Copperindiumdisulfide(CulnS) thin films werethermallyandchemicallypreparedand
the structural,opticalandelectricalpropertiesvereinvestigated X-ray analysisindicates
only single-phasehalcogyrite with noextraplanesTheopticalandthethermalenegy gap
wasdeterminedThe gapof the annealedhermally-preparedamplesn sulfur vapouris

greatetthanof theas-depositeflims, which indicateshe decreasef d-level contribution

to thevalenceband.

1. Introduction

TheternarycompoundCulnS belongsto the I-IlI-VI family of semiconductorsvith
chalcopyrite type structure[1]. Its spacegroupis 142d, with tetragonalnit cell in which
thecopperandindium atomssit in distinctlattice sites.In recentyears this groupof mate-
rials hasreceved considerablattentiondueto their orientedusein mary opto-electronic
applicationsn efficientthin-film solarcells[2,3]. Theelectricalconductvity of then-type
CulnS is governedby sulfur vacanciescoppervacancieandindium interstitials,while
the p-typeis characterizedy interactionof sulfur and coppervacancied4]. B. Tell et
al. [5] have found that all the coppercompoundsare readily madep-type by annealing
at a temperaturén therange873to 1073K in sulfur vapours.The fundamentaknegy
gap hasbeenstudiedby mary investigatord5-8]. Its direct valuelies in the rangebe-
tweenl.50and1.55eV atroomtemperatureandslightly increasesitlower temperatures
[9]. Thetemperaturelependencef the enegy gapsfor sulfurannealedCulnS films has
beenstudiedby photo-reflectancenethodin the temperatureangeof 10 to 300K. The
reportedvaluesindicateconsiderableliscrepanciefl0]. The presentvork is dealingwith
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thestructureandtemperaturelependencef the opticalandthermalenegy gapof CulnS
films preparedy differenttechniques.

2. Experimental techniques

Thin CulnS films 100 to 400 nm thick were preparedby the thermalevaporation
underhigh vacuumandby the chemicalbathdeposition(CBD) from copper indium and
sulfur complees. For the evaporationmethod the startingingot was preparedyy mixing
stoichiometricallyelementf copperindium andsulfurin a sealedsilicatubewhich was
thenevacuatedo a pressuref about10-2 Pa. The mixturewasthenheatecdat 873K for
55 hours.Thefilms werethermallydepositedy evaporationfrom a tungsterboat,under
avacuumof 10~4 Pa. The depositionwas carriedout on pre-cleanedylassslideswhich
werekeptatroomtemperatureluringthefilm deposition.

Thechemicabathdepositioris basedntheslow reactiorbetweertheslowly released
Cut, Int andS™ ionsfrom their complexesaccordingo thefollowing steps:

CuCh + NH3 —  [Cu(NHg)4]%+ 1)

InClz + TEA —  [In(TEA)]** 2)

CS(NHz)z +OH- — CHyNz +H;O+HS (3)

HS™ + OH- - S +H0 4)
Theoverallreactionis:

[Cu(NH3)4]?t + [IN(TEA)]?T +S*~ — CulnS + solution, (5)

whereTEA is thetriethanolamineolution(CgH1sN).

Thetemperaturef the growth solutionwasmaintainedat about338K duringthede-
position. Thefilm thicknessvasmeasuredby theinterferenceandby weighingmethods.
Theopticalpropertieof thefilms weredeterminedrom thetransmissiorspectraobtained
by Shimadzu-24Gpectrophotometeasver the spectralrange300 to 900 nm. The struc-
turalanalysesverecarriedoutusingJOELModel JISM-T20scanningelectronmicroscope
and Philips PW 1390 X-ray diffractometer The resistancevas measuredlirectly using
Keithley 617 programmablelectrometehaving aninputimpedancef about10 Q.

3. Resultsand discussion

Thesurfacetopographyof CulnS films preparedy chemicalbathdepositiormethod
was studiedby the scanningelectronmicroscope The surfaceof the depositedayersis
smoothandwell adherento the substrateA homogeneoufilm wasobsenredover large
areas.Thegrainsizeincreaseandbettergrain boundarieappearedvhenincreasinghe
film thickness(Figs. 1a, b andc). The grain sizeincreasesand becomeauniformly dis-
tributedoverthewholeareawhenheatingthefilms at 523K in vacuum.Someaggreates
of opaquegrainscanbe obseredasshawvn in Fig. 1d. This behaiour is comparedwith
the dataof X-ray diffractionshavn in Fig. 2. Weakdiffractionpeakwasrecordedor the
as-depositedilm. By heatingthe film at 523 K, the presencef reflectionplanes(112)
stronglyimply theformationof thechalcojyrite phaseAlso, theseresultsindicatethatthe
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crystallinity of thefilm hasbeenimprovedby theannealingreatmentjn accordancavith
thework of Samaaretal. [11].

Fig. 1. Scanningelectronmicrographsf chemicallydepositedCulnS films of thickness
a)d =150nm, b)d = 200nm, ¢)d = 230nm andd) d = 230nm heatecat 523K.

The absorptioncoeficientsa of the films wereestimatedrom the normalincidence
transmittancél' andthe correspondingalculatedphaseshift 8; for limited wavelength
regions,accordingo therelationg[12]:

TinsTs
T=_ s 6
T-R(1-T) ©
16ng(n? + k?)
"= oo “
kC+nD
0f = arctan ~— =, (8)
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where

4ng

TS: ma (9)
C= &{[(1+n)(n+ng) — k] cosN+k(1+2n+ngsinN} + (10)

e ®{[(1=n)(n—=ng) + k] cosN — k(1 — 2n+ ng) sinN},
D= &{[(1+n)(n+ng —k3sinN —k(1+2n+ ns) cosN} — (11)

e ®{[(1-n)(n—ng) + k] sinN + k(1 — 2n+ ng) cosN},

where

K = 2rkd/A, N =2md/A, and (12)
o = 4T/ (13)

Here,n andk arethe optical constantof thefilm, T; is the transmittedamplitudeinside
thesubstrateTs is thetransmittancef the substratesurface,R; is thereflectancdrom the
backof thefilm insidethe substratendns is therefractve index of the substrate.

(112)
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Fig. 2. X-ray diffractionof chemicallydepositedCulnS films.

Figures3a and4a shav the transmittancel' versusthe photonwavelengthA for the
as-depositedndfor theannealedghemicallyandthermallypreparedCulnS films nearly
230nmthick. Thecurvesdemonstratdightransmittancéeyondtheedgewhichindicates
thatthe preparedilms areof minimumimpurity andlatticedefects.
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Fig. 3. Plotsof a) T vs. A, b) (ahv)? vs. hv for chemicallydepositedCulnS films.

The absorptiondataaroundthe gap edgewere analysedusing the direct transition
relationof theform:

ahv ~ (hv — Eg)¥2. (14)

The allowed enegy gap Eg was determinedrom the extrapolationof the linear part of
plot of (ahv)? vs. hv asshawn in Figs. 3b, 4b and4c. This is expectedsinceCulnS is
a direct band-gapsemiconductof3]. The plots shav that enegy gap of the chemically
as-depositeédindannealedilms is 1.5 eV (Fig. 3b). This valueis higherthanthe value
of 1.45eV reportedby Bihri etal. [13] andin goodaccordancevith the valueof 1.5eV
reportedby Binsmaetal. [14,15]andPadamCulnS films.
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Fig. 4. Plotsof a) T vs.\, b andc) (ahv)? vs.hv for thermallydepositedCulnS films.

Ontheotherhand thethermallyas-depositetiims demonstratéwvo opticaldirecttran-
sitionsof 1.5eV and1.72eV (Fig. 4b). Theenegy gap(1.72eV) is mostprobablydueto
the optical transitionsfrom the copperd-statesn the valencebandto the lowestconduc-
tion bandminimumwhich disappearety heating.This resultis confirmedby Neumann
etal.[18], whereatransitionof 1.6eV - 1.7 eV wasassignedo anopticaltransitionfrom
thevalencebandmaximumat or nearthe boundaryof the Brillouin zone(at the pointsT
or N) to the conductionbandminimum atthe zonecentre. The thermallydepositedilms,
heatecht 623K and700K in sulfuratmospheréor aboutl5 minutesyield avalueof 1.52
eV (Fig. 4c) which is greaterthanthe value of 1.5 eV for the non-heatedilms. Thein-
creasean transitionfor sulfurannealedilms hasbeenpreviously reported.This behaiour
is explainedaseitherdueto thereductionof the d-level contributionin the uppervalence
bandor the changeof lattice distancecausedy natureof the native defect§18,19].
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Fig. 5. Plotsof logR vs. 1000/ T for chemicallydepositedCulnS films. a) as-deposited,
b) heatedo 523K andc) heatedcat 523K with excesssulfur.

The electricalresistancef the as-deposite@nd annealecchemicallypreparedilms
230 nm thick was measuredn the temperaturgangefrom 300K to 673K asshavn in
Fig. 5. The presentedelationmay be divided into two regions, extrinsic and intrinsic.
The curvesshown a decreasén resistvity on annealingindervacuumwhich is dueto the
improvementof the crystalquality. On annealingin excesssulfur, the resistvity is still
reduceddue to addition of more carriersby sulfur interstitials. In the low temperature
region (< 373K), the activationenegy for the as-depositedndundervacuumannealed
films is 0.12 eV. This may be attributedto someshallov acceptorevels introducedby
coppervacanciesSimilar work hasbeendoneby Look andManthuruthll[20] on CulnS
single crystalandthey found an acceptorevel at 0.15 eV. The predominantdefectsare
sulfur and coppervacanciesput the presentspecimenis p-type, which implies that the
concentratiorof coppervacanciess greaterthanthatof sulfur. Onannealingn excessof
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sulfur, the activationenepy in the low temperatureegionincreasesipto 0.33eV. Thisis
associatedvith a deepacceptotevel createdy theinterstitial sulfur atoms.lt wasstated
[10] thatannealingn excesssulfurremovesthedonordefectssuchasin; andingy, leaving
the coppervacang. But sincethe level is differentfrom the mentionedone (0.15eV),
sulfurinterstitialsarisingafterannealingn excesssulfur couldbethe explanation.

In thehightemperatureegion (intrinsic), theplotsof InRvs. 1/T (Fig. 5) yield avalue
of 1.51eV for theenegy gapEg. Thisvalueis closeto thevaluesobtainedrom theoptical
methodandit is nearlyequalto thevaluesreportedearlierusingdifferenttechniques.

4. Conclusion

Theelectricalresistancef the as-depositedndannealedhemically-preparedingle-
phasdayersof CulnS indicategheextrinsicandintrinsicregions.Theannealingn sulfur
vapourdecreasetheresistvity dueto a decreasef the lattice defectsandanincreaseof
theholeconcentrationA directtransitionwith anopticalgapof 1.5eV wasobsened.The
gapof annealedhermally-preparefiims in sulfuris greaterthanof theas-depositefliims,
indicatingalessercontribution of the d-level to thevalenceband.
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PROUCAVANJE KEMIJSKI | TERMICKI PRIREDENIH TANKIH SLOJEA CulnS

Tanki slojevi bakarnogindij disulfida (CulnS) prireteni su kemijski i napar&anjemu
vakuumu,i istrazivanasu njihova strukturna,optickai elektricnaswojstva. Rendgenska
strukturnaanalizapokazujesamojednofazni kalkopirit bez dodatnihravnina. Odreteni
suoptiCki i termicki procijepi. Procijepnaparenitslojeva, otpustanihu paramasumpora,
veti od procijepasvjeze naparenitslojeva. To ukazujena smanjenjedoprinosad-pojasa
valentnompojasu.
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