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ABSTRACT

Photoconductivity measurements are done in the temperature range 10K to
300K on thinfilms of the off-tie line ordered vacancy compound Culn.Se,
which incorporates a single pair of the defect complex (2V_-+In_,,) and
two neutral Cu vacanciesin every 6 units of CulnSe,. The rapid increasein
photoconductivity on illumination and the rapid decay of conductivity on
removal of illumination in the transient photoconductivity curves are
explained as a consequence of the reduction in inter grain potential barrier
on illumination and its restoration on removal of illumination. The non-
exponential long- term decay observed is suggestive of a deep level trap-
emptying process associated with the decay process. The temperature
dependence of photosensitivity and the decay constants of the material are
investigated. Analysis of dark conductivity and steady state photoconduc-
tivity measurementsyielding the variation of barrier height from0.09 eV to
0.0024 eV isfound to corroborate the inferences from transient photocon-
ductivity. Photol uminescence and spectral response measurementsare done
to obtain information regarding the defects present in the samples.
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INTRODUCTION
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In recent years, the I-111-VI chalcopyrite com-
pounds have attracted great attention not only dueto
thetremendousposs bility of these compoundsin pho-
tovoltaic applicationsbut also dueto thefact that their
opto-€el ectronic properties can betailored by varying
their stoichiometry3. The extremelimit of their off-
stoichiometry ismanifested by the existence of ase-
ries of non-stoichiometric stable compounds like
Culn_Se,, Culn_Se,, Culn,Se, , etcwhose formation
can be explained as due to the presence of asingle

number of unitsof CulnSe,. With the success of ex-
ploiting the junction between p-CulnSe, (CIS) and
the Ordered Vacancy Compound (OVC) Culn,Se,
astheactive pn-junction for solar cell™, theinvestiga-
tions on the photoconducting properties of CISre-
lated OV C’slike Culn_Se,, Culn,Se,, Culn_Se, . etc.
have gained significant interest’>". But no reportsare
available to the best of our knowledge, on the
photoconducting properties of the off-tieline com-
pound Culn,Se,, which incorporatestwo neutral Cu
vacanciesin additionto asinglepair of thedefect com-
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plex (2V_-+In_,.) inevery 6 unitsof CulnSe Y.
The present paper reports the studies on the
photoconducting properties of the OV C Culn Se,,,,
which can be considered as a better candidate for
solar cell fabrication dueto itsenhanced optical band
gap in comparisonto that of Culn,Se, which hasbeen
found to be asuccessful n-counterpartin solar cell %9,
Sudiesaredoneon trand ent photoconductivity, steady
state photoconductivity and spectral response of the
filmsat room temperature and temperaturesdown to
10K. The photoluminescence spectra at room tem-
perature together with the spectral response curves
have been used to study the possible defect transi-
tionsinthecompoundfilms.

EXPERIMENTAL

Thinfilmsof Culn Se,, (thickness~0.3t00.4 um)
were deposited on optically flat sodalime glass sub-
strates at atemperature of about 650 K by multisource
co- evaporation technique, by a modified form of
Gunther’sthreetemperature method. The preparation
and the preliminary characterization techniques of the
filmsarereported el sewhere®9.,

Photoconductivity measurementswere doneload-
ingthesampleinaCIT cryostat and cooling down to
10K initidly. Silver eectrodes of uniform thicknessap-
plied at the ends of the sampleswith aspacing of 0.3
cm between them for illumination were ensured to be
ohmic by taking |-V measurements. To check for any
photoconductivity saturation effect, the photocurrents
at different illumination intensitiesfrom 50mwW/cm?to
110mW/cm? were measured using a Keithley 236
source measurement unit and a100W Orid quartzhado-
gen sourcefor illumination. Thetrans ent photoconduc-
tivity measurementsat intengty of illumination 200mw/
cm? and at variousfixed temperaturesfrom 10 K up-
wardsweredone during the heating cycle. After ensur-
ing alinear responsein the voltagerange 5V to 30V,
the current measurementsat ad.c voltageof 10V were
taken for calculations. The steady state photoconduc-
tivity measurementswered so performed inthehesting
cycle from 10K upwards, keeping the temperature
steady at therequired, pre-determined valueusing a
L akeshore programmabl etemperature controller. Dur-
ing the spectral response studies, the source was ad-
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ditionally coupled with an Oriel 7240 grating mono-
chromator for varying theincident energy intherequired
range. Thedark current measurement for photosensi-
tivity determination was a so done using the same set
up beforeilluminating the samples. PL measurements
were carried out at room temperaturewith aNd-Yag
frequency doubled 532nm laser. Theanalysisand re-
cording of thePL signd wasdoneusingNIR 512 spec-
trophotometer Ocean optics and OOI base 32 soft-

warerespectively.
RESULTSAND DISCUSSION

The X-ray diffraction (XRD) and the X -ray energy
dispersveandyss(EDAX) of thefilmsclearly reved ed
theformation of the OV C Culn,Se ,. The XRD pat-
ternindicating characterigticreflection of the OV C from
(110) planeand reflection from (103) plane character-
istic of chalcopyritesisshowninFigure1l. EDAX spec-
trum of the compound showing a % composition
Culn:Se=5:36:59isgiveninFigure 2.

Thetransient photoconductivity behaviour of a
typical Culn.Se,, filmat anillumination intensity of
100mW/cm? at different temperatures between 10K
and 300K is represented in Figure 3 The transient
photoconductivity curveisobserved to haveasharp
risein conductivity onillumination and afast decay
followed by aslow decay processon remova of illu-
mination. In general, the manifestation of the
photoeffectinapolycrystdlinematerid will bereflected
inthe production of additiona minority carriersinthe
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Figurel: X-ray diffraction pattern on atypical Culn,Se, film.
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Figure 2 : Energy dispersive X ray analysis spectrum for
composition deter mination of thefilms. K-ray for Cuand L -
raysfor Inand Seareused intheanalysis
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Figure3: Transient photoconductivity onaCuln,Se,, film.
I nset showsdecay of thetransient photoconductivity.

material along with a reduction (Aqu,) of the
intercrystallinebarrier height (E,) dueto theexposure
totheincident radiation of intengity o, sothat thechange
in conductivity can be expressed as
Ac=c,-0,=Ac +Ac,
Where% isconductivity onillumination, o ;isdark con-
ductivity, Ac  representsthe changein conductivity
dueto additiond carrierscreated and Ac , corresponds
to the changein conductivity dueto changeinthe bar-
rier potentia AEb(P[&lZ].

Now the equation may bewritten as
Ao =qu(n+An) exp(-E, /KT) exp(AEb‘P/kT) - u, N exp(-E,/KT)
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Ao = qu,exp(-E /KT)[{exp(AE, /KT)}(n+An) —n]

sothat

Ao =qu,Anexp(-E /KT)

and

Ao, = qp,n [eXp(AE,/KT) -1] exp(-E,/KT)

Ac_ =0, [exp(AEb’/kT) -1]

If the effect of changein magority carriers can be con-
Sderedinggnificant, theeectrical conductivity onillu-
minationisgiven by

o, = (g’nL)/(2nme*KT)*? exp{-E ,/ KT}

where E, isthepotentia barrier height onillumination,
T istheabsolutetemperature, nisthe carrier concen-
trationand L isthegrainwidth®12,

Thecomparisonof inter grain barrier height (around
0.09eV) fromdark conductivity plotsin Figure4 with
thebarrier height (around 0.0024 eV) from steady State
photoconductivity plotsin Figure5, whichwereevau-
ated by plottingIn (G(p TY2) versus 1000/ T graphs (Fig-
ure5inset) indicated reductionin barrier height onillu-
mination inthesefilms. Thiscould aso bethereason
for thefast risein photocurrent onilluminationinthe
transient curves sincethe potential barrier height re-
ductiononilluminationmakestheconductinggrainselec-
tricaly “better connected” among them, dueto thephoto
generated holeflux arriving to theinter-grain region,
thusincreasing thetunneling probability of electrons
through the barrier™. Thefast decay is determined by
thefast inter-grain barrier recovery astheholeflux ar-
riving at theintergrain region suddenly ceasesonre-
mova of illuminetion.

The slow decay region isanayzed with the pur-
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Figure 4 : Dark current variation with temperature in
Culn_Sefilm.
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inset2, indicatesthat Culn, Se,, isaphotosensitivecom-
pound and the photoconductivity isfound to betem-
perature dependent except at very low temperatures
asindicated by the variation of decay constant with tem-
perature.
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Figure5: Variation of seady statephotocur rent with temper a-
turein Culn_Se,, film. Inset showsLn (c(pT”Z) ver sus 1000/T
graph for barrier height determination onillumination.

pose of obtaining the decay time constantsand it is
found that the curves could not befitted withasimple
exponentia function but aretime dependent, indicating
theinvolvement of sustained trap emptying processes.
A possibleoriginof suchatrapintheOVCfilmsisthe
donor defect In_,0.23 eV t00.27 eV below the con-
duction band minimum, the occurrence of whichisin
conformity with thestructural and compositiona stud-
ies® and agreesvery well with the presenceof thecom-
plex (2V-+In_,,,) inthisdefect compound..

The non- exponential decay processisanalyzed
usngthedifferentid life- timeconcept suggested by Fuhs
eta™. Thelife-timet,iscalculated using theequation
T, =-[U1  x(dL, /dt)]*
where |, IS the maximum photocurrent at t=0 for a
givengpplied voltage.

Thelife-timefrom thedecay curveisfoundtovary
with time for the OV C and the dependence of t, on
time(t) isrepresentedintheln(z ) versusin (t) plotin
Figure6. Thevariation of lifetimewith temperature at
30sand 180safter cutting off theilluminationisrepre-
sented in Figure 7. Thelifetimeisfound to decrease
with decreasein temperature up to around 180K while
below that the decay behaviour in thefilms does not
show aparticular dependence on temperature. It can
be assumed that the temperatureindependent decay at
low temperaturesisdueto localized- localized recom-
bination processfor which nothermal activationisnec-
essaryt™d. Further, thevariationin photosensitivity (I ,-
| )/1,) with changein temperature showninFigure 7
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Figure6: Variation of L n(t ) with Ln(t) at different tempera-
tureson Culn_Se , film.
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Figure7: Variation in decay timewith temperatureat time
30safter cutting off illumination. Inset 1 showsvariationin
decay timewith temperatureat time 180safter cutting off
illumination. I nset2 showsvariation of photosensitivity with
temperaturein Culn_Se ,.

Inthe photol uminescence spectrum of Culn Se,,,
apeak of 5meV FWHM at 1.113eV and another sharp
peak of 3meV FWHM at 0.755€eV areseenasin Fig-
ure8. Keepingin mind that the band gap estimated for
the compound Culn Se,, is1.37eV!9, theemission at
1.113eV with difference of 257meV from theband to
band energy gap can be considered to havetheir origin
fromaradiative D-A pair recombination between the
donor defect stateIn_ , whichisassumed to have acti-
vation energy around 250meV and the acceptor state

V., verified by different investigatorsto have an acti-
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vation energy ranging from10-50meV™4. Sdeniumva
canciesaso havethedonor level sat the sameposition
but trangition from In, hasmore probebility inthe OVC
sampleswherethe ordered arrangement of defect In
andV _ isalways expected®. Further, according to
the composition determination through energy disper-
sveanalysisby X-rays, thesamplesaredightly In-rich
which addsto thepossibility of presence of the defect
In, having alower formation energy ~1.4 eV com-
pared to the possibility of presenceof V withforma-
tionenergy 2.4 €V intheOVC.'8, Thereaultisingood
agreement with the spectral photoconductivity studies
where the photoactive transition peak around
1.1eVwhichisobservedin Culn Se,, filmscanbesad
toinvolvethesamedefect statesin_ andV . Inspec-
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Figure8: PL spectrumon Culn_Se , at roomtemperature.
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Figure9: Spectral responseon Culn.Se , at 10K.
Wotevialy Science  mmm—

tral response (PC) studies, especially at low tempera-
tures (Figure9) abroad photoactive band is observed
intheenergy range ~0.75eV t0 0.9eV, and acompari-
son of the PL and PC givesriseto the specul ation that
the defect statesinvol ved behind the PL pesk observed
near 0.75eV a room temperature might bethesameas
that behind the broad band transition observedin the
PC. Thereisapossibility that asthe OV CismoreIn-
richand moredeficientin Cuthanin CulnSe,, thedo-
nor level may be becoming more spread out in the
former, whereasthelevelsareusudly observed at 0.34
eV and 10-50meV inthelatter, sothat aD-A trangition
between thetwolevelsinthe OV C can giveaPL peak
at 0.75eV.

Theandyssof the PC measurementstogether with
the observed optical band gap~ 1.37eV® inthe OVC
compound establishesitspotentid to beasuccessful n-
counterpart with P-CISinthefabrication of highly effi-
cient solar cellssincethejunction formed can have bet-
ter latticematching too.

CONCLUSION

The steady state and transient photoconductivity
experimentstogether throw light on someof the pos-
sible processthat |eadsto the photoactive behaviour of
the OV C Culn,Se,,. Thephotoluminescence and spec-
tral response measurementsarein support of thestruc-
tural and compositiona characterization of thesefilms
vindi cating thedefect complex formation inthese com-
pounds. The n-type compound isfound to be highly
photosensitive and thususeful asthewideband gap n-
layerinsolar cell fabrication.
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