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ABSTRACT

KEYWORDS

Ingotsof theAg(In,,Ga ), Te, (0<x<1) systemwere prepared by direct fusion
of the stoichiometric mixture of the elementsin evacuated quartz ampoules.
The analysis of the X-ray powder diffraction data showed the presence of
a single phase with tetragonal structure at room temperature for all the
studied compositions. The lattice parameters a and ¢ were calculated.
Melting temperatures, from 696 °C for Agln,Te, to 775°C for AgGa,Te,, were
obtained from Differential Thermal Analysis measurements performed on
samples in evacuated quartz ampoules. Reflectance measurements were
used to calculate the band gap energies and the real refraction indices. A
direct band gap, slightly varying from 1.34 to 1.39 eV (0<x<0.4), wasfound
in In-rich compounds, while an indirect band gap was found in all the
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studied compositionsvarying from1.11to 1.14 eV (0<x<1).
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INTRODUCTION

Themeasurementson silver-based materid's, hav-
ingalargeconcentration of slver (at about 24%), show
that thesecompoundsarehighly sengitiveto optica and
thermal stressand hence could be useful for deviceap-
plicationg*3. Theternary silver chal cogenidesof the
typeAg-In-VI (VI=S, Se, Te) areinteresting materials
because of their potentia applicationin non-linear op-
ticsand solar cells. It has been found that they form
very stabl e stoichiometric compounds with electro-
physical propertiesindependent of impurities®9.

Information about theAg, Te-Ga, Te, phasediagram
has been reported by few authors. Guittard et a® and

Kramer'” havereported the existence of AgGa, Te, and
other solid solutionsinthevicinity of Ga, Te,. Julienet
al'® reported adescription of theAg, Te-Ga, Te, quasi-
binary phase diagram and therole of oxygeninthecre-
ation of AgGaTe, and AgGa_Te,. They also reported
ontheelectrical and optical propertiesof AgGaTe, and
AgGa,Te,singlecrystds. Ontheother hand, theAg, Te-
In, Te, phase diagram has been al so described by few
authorg®4, showingtheexistenceof different intermedi-
atephasesintheln-rich sideof thispseudo binary sys-
tem, but onlyAglinTe, Ag,In, Te . andAglin.Te, have
been confirmed by more than oneauthor. Sanchez et
a™ and Moraet a® have reported on the structural,

optical and electrical propertiesof Agin_Te,. Concern-
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ing to thevariation of the propertiesof the polycrystal-
lineAg(In, Ga).Te, (0<x<1) system no report has
been published to date. Theaim of thiswork isto ex-
amine someof thephysical propertiesof thissystem,
including thereflectance, by performingdl themeasure-
ments on samplesfrom the sameingot for each studied
composition.

CRYSTAL GROWTHAND
EXPERIMENTAL DETAILS

Ingotsof theAg(In, Ga ). Te, system at composi-
tionsx=0, 0.2,0.4, 0.6, 0.8, and 1.0 were prepared
exclusively for thiswork by direct fusion of the sto-
ichiometric mixtureof theelementsof at least 5N purity
in evacuated quartz ampoules (=10° Torr). Theam-
pouleswereheated in avertical furnace. To minimize
therisk of explosion dueto exothermic reaction be-
tween group |11 elements and Te, the ampouleswere
heated very dowly at 5°C/h up to 1050 °C, kept at this
temperaturefor 24 h wererocked manually at regular
interva sto achieve ahomogeneous mixing of theliquid
phase of the reacting mixtureand then were cooled to
600 °C at a rate of 5°C/h. Finally, they were cooled, at
arate of 30°C/h, to 500 °C where they were annealed
for 4 daysto reduce possible defects and to increase
grainsize. Asobserved by asmpletherma probetest,
samples cut from theingots showed p-type conductiv-
ity, except x=0.2 that showed n-typeconductivity which
could bedueto astoichiometric deviation. X-ray pow-
der diffraction measurementswerecarried out usinga
Siemens D5005 diffractometer with copper anode
(A=1.54060 A, 0. /a,=0.5) and Bragg-Brentano geom-
etry. All the patterns were obtained for 5°<26<100°
with astep sizeof 0.02° and a step time 0 40.0s. The
intensity and 20 position of each reflection were deter-
mined using theWinplotr graphicinterface. Theindex-
ation wasmade using the Treor90 program and the unit
cdl parameterswererefined withtheNBS program. A
Differential Thermal Analysisapparatus, Shimadzu
DTA-50, was used to determine the melting and the
possiblesolid-solid trangtiontemperatures. Theequip-
ment was previously calibrated with metals (Sn, Pb,
Zn,Al,AgandAu) in evacuated quartz ampoulesto
reproducetherunning conditionsof thestudied samples,
obtaining amaximum error of +6°C which can be con-

Woateriolsy Science  mmm——

sidered asmall error taking into account the presence
of the bottom of the quartz ampoules between the
sampleand thethermocouple. Thesamplesintheform
of powder and weighing 80-90 mg were sealed in
evacuated quartz ampoules. a-Al,O, powder (80-90
mg) was used asinert reference materia . Severa heat-
ing and cooling rateswere used and the melting and
solid-solid trangition temperatureswere obtained from
the extrapolation of the onset temperatures of DTA
peaksto zero heating and cooling rates*?. Onset tem-
peratureswere read from the maximum (cooling) or
minimum (heating) pesksof theDTA sgnd first deriva:
tive. Transmittance and refl ectance measurementswere
carried out at room temperature using afiber-optics
spectrophotometer Ocean Optics SD 2000. Aninte-
grating spherewas used for the reflectance measure-
ments. For transmittance measurements, the samples
werethinned down to athickness of 100 um and then
polished to optical quality to about 50 um with durries
of aluminapowder of decreasing grid sizes(downto
0.3 um) in deionized water. It was not possibleto ob-
tain thinner sampleswithout breaking them. For reflec-
tance measurements, rectangular pieceswith surfaces
of 10 mm?werethinned downto athicknessof 1 mm
and polishedto optical quality.

RESULTSAND DISCUSSION

The diffraction patterns of the Ag(In, Ga ). Te,
compoundsfor different valuesof xareshowninFig-
urel; only themost intensereflectionsaremarked. From
theanayss, itisobserved that asingle phasewith tet-
ragond structure occursacrossthewhole composition
range. Therefined va ues of theunit lattice parameters
aandcareshownin TABLE 1.

Thevauesof theunit-cell parametersa and c ob-
tained for thetetragona structureof Agin_Te,, 6.2125
A and 12.456 A, respectively, are in very good agree-
ment with those reported by Mora et al®® and
Charoenphakdeeet d*®!. Theunit-cell parametersob-
tained for the tetragonal structure of AgGa,Te, are
a=5.961 A and c=12.688 A. Guittard et al'® reported
anorthorhombic structurefor AgGa, Te, with theval-
uesa=6.00 A, b=12.02 A and c=24.38 A.

Charoenphakdee et al*¥ a so reported an orthor-
hombic structurefor AgGa, Te, with smilar valuesfor
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Figure 1 : X-ray powder diffraction patterns of Ag(In,
.Ga ). Te,compounds. M ot intenser eflectionsar eshown with
their respectiveMiller indices.

thelattice parameters. It can be noticed that half b and
clead tothevauesof thetetragonad structure obtained
inthiswork. The parametersa and c areplotted asa
function of thecomposition xinFigure 2.

It isfound that parameter a followsthe Vegard’s
linear rule; however, parameter ¢ does not obey that
rule. Substituting Inatomsfor smaler Gaatomsflatters
theunit cell and reduces thel attice parameters until
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Figure2: Variation of latticeparameter sa (full circles) and
c (open circle) with composition for Ag(In,_Ga).Te,
compounds. Thesolid straight liner epresentsthelinear fit
of parameter a.

coulombian repul sion between cations makes param-
eter c increases again and the tetragonal thiogallate
structuretrangitsto tetragona scheditestructure. This
isestimated at x=0.73, ascan be seen from the plot of
theunit-cdll volumevs composition showninFgure3,
wheretwo linear regionsare present.

DTA pattern of Agin,Ga,Te, isshowninFigure4
asan exampleof the DTA patternsobtained for all the

TABLE 1: Unit cell |attice parametersof Ag(In, ,Ga )_Te,compounds.

Compound a(A) b(A) c(A) cla V(A3 Structure
6.2125 6.2125 12.456 2.0049 480.7 Tetragonal/thiogallate
AalnT 6.1952[3] 6.1952[3] 12.419[3] 20046  476.7[3] Tetragonal[3]
9iNs 1 - - - - - Tetragonal/thiogallate[9]
6.204 [13] 6.204[13] 12.423[13] 2.0024 478.2 Tetragonal [ 13]
AgIn,GaTeg 6.1503 6.1503 12.329 2.0046 466.4 Tetragonal/thiogallate
AgIinsGa,Teg 6.1130 6.1130 12.174 1.9914 454.9 Tetragonal/thiogallate
Agln,GagTeg 6.0423 6.0423 11.925 1.9736 435.4 Tetragonal/thiogallate
AgInGa,Teg 6.0117 6.0117 12.005 1.9970 433.9 Tetragonal/scheelite
5.9610 5.9610 12.688 2.1284 450.8 Tetragonal/schedlite
AGGaT 6.00[6] 12.02[6] 24.38[6] - - Orthorhombic[ 6]
9% 1€ 8.415[8] 8.415[8] 47.877[8] - - Tetragonal/scheelite[8]
6.022[13] 12.113[13] 24.516[13] - - Orthorhombic[13]
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Figure 3 : Unit-cell volume vs. composition for Ag(In,
.Ga ), Te, compounds. The interception of two linear fits
V,=481.49-73.78x and V,=365.99+84.85x occur sat x=0.73.

compositions. Theva uesof phasetransgition tempera:
turesfor al the studied compositions, obtained asde-
scribed early insection 2, arelisted in TABLE 2. Fig-
ure5 showsextrgpolationto 0°C/min for AgGa_Te,.

TABLE 2: Phasetransition temperaturesof Ag(In, ,Ga,).Te,
compounds.

Compound Heating T (°C) Cooling T (°C)
AgGasTeg 775 77
AginGasTeg 731 737
Agin,GagTeg 722 721
AginsGasTeg 624, 701 703, 573
Agln,GaTeg 704 699
AginsTeg 696 695

AglIn_Te, meltscongruently a 696 °C, alower tem-
perature when compared with the congruent melting at
725 °C reported by Mora et al®®, Palatnik and
Rogacheva? and Bahari et al*?. AgGa, Te, melts con-
gruently at 775°C. For this compound, Guittard et al®
reported aperitectic decomposition at 450°C and com-
pletemelting at 750°C, while Kramer et al'” reported
melting at 780 °C. The other studied compositions melt
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Figure4: DTA pattern of Agin,Ga,Te, at 15°C/min. Solid line represents temperature, open triangles represent DTA signal

and open circlesrepresent DTA signal first derivative.
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Figure5: Extrapolation to zero heating or cooling rateof theonset temper atur esobtained for AgGa_Te,.
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Figure6: T(x) vertical section of Ag(In, Ga, ), Te,compounds Full
and open circlesrepresent temper atur e values obtained from
heatingand coolingruns, repectively. Thesolid lineshowshow
meltingtemper atur esincr easewith compostion x.

congruently, with melting temperaturesincreasing asx
increases, as shown in Figure 6. Only Agin.Ga,Te,
shows a solid-solid transition between 573 °C and
624°C as previously reported*4.

The signa sfrom thetransmittance measurements
resulted low and noisy and then usel essfor any analy-
sis. Thiscan beexpected for thick samples (>50 um)
with highreflectivity, asisthe casewiththesilver and
tellurium-rich studied compounds®®. Ontheother hand,
reflectivity measurementsresulted high and clear, ascan
beseenfromFigure7.

Thetellurium content ishigh inthe studied com-
pounds, varying from 63.8 %w for Agin_Te, to 72.5
%w for AgGa, Te,, and themeasured reflectivity values
around 1 eV arein good agreement with the values
reported for telluriumwith norma incidence (0.606 with

El | 5 and0.472withE L ;). Severa athorsg'e®

have used reflectance measurementsto estimate opti-
cal parametersof I-111-VI, compounds. Particularly,
Diaz et al*¥ devel oped amethod to obtain the band
gap energy vauesof bulk materidswithdirect or indi-
rect band gaps.

—— Pl by Science
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Figure8: Fitting of thereflectancefor a) direct gap of Agin_Te, using Eq. (1) and b) indirect gap of Agin_Te,using Eq. (2).

TABLE 3: Direct energy band gap valuesof Ag(In, Ga ). Te, compounds.

Direct Band Gap

Compound
P Fitting region Fitting Range (eV™) n Eq(eV)
0.57580.6447
Ry VhvT _
AginGa,Tes RE=0.95503 :,;%%52‘;821%2‘;26922 3.985.12 1.39
Chi*=2.3125€-6 A*,=1.43600+0.41904
0.53250.5766
RY vt Ag=0.28105+0.11868
AginGaTe; R=0,94809 N rIome 15830 2.35-4.44 1.37
Chi*=2.2558E-6 A";=4.3494£1 39206
0.5882-0.6428
R VhvT
A A¢=0.33835+0.08528 ] 1.34
AginsTe; 2 A’1=1.61235+0.67539 302-4.13 1.28[1]
I"=2.2005E- A*=2.167370.73098
Watevioly Science mmm—
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TABLE 4: Indirect ener gy band gap valuesof Ag(In, Ga, ). Te, compounds.

Indirect Band Gap

Compound — - —
Fitting region Fitting Range (eV) n Eq(eV)
RT hvT 1.5250-1.6295
AgGasTes R?=0.98548 Ao=0.46516+0.06819 5.25-5.33 1.14
Chi’=1.3551E-7 B’=2.4892+1.00366
RT hvT 1.5355-1.6206
AglnGa,Teg R?=0.99858 Ao=0.40174+0.00237 4.43-4.49 1.13
Chi’=2.7937E-8 B’=4.29069+0.73872
RT hvT 1.5147 -1.6031
Agln,GasTes R?=0.99562 Ao=0.37217+0.00306 4.10-4.16 1.12
Chi®=6.2346E-8 B’=3.52737+0.97949
RT hvT 1.5678 -1.6147
AgInGa,Tes R?=0.99965 Ao=0.42765+0.00345 4.74-4.82 1.12
Chi?=2.249E-9 B’=3.78286+0.83482
RT hvt 1.5058 —-1.5859
Agln,GaTe; R°=0.99674 Ao=0.45719+0.00281 5.12-5.22 1.12
Chi’=3.671E-7 B’=3.5419+0.95564
RT hvT 1.5302 -1.6250 111
AglnsTe; R?=0.99621 Ao=0.40159+0.00425 4.41-4.51 1 1'1[ 1

Chi%=1.1869-E7

B’=4.32968+1.07232

Using thedatafrom reflectance measurements E,
isestimated from thefitting of theplot of (Rvs. 1/hv)
for direct band gap or (Rvs. hv) for indirect band gap.
Asedtablishedinthemodd, thefitting procedureswere
made using thefollowing equationsto obtain thedirect
or theindirect band gap energies, respectively:

A 1I A 2'
(v () @
where A = (n-1)%/(n+1)? and EngZ’/Al’, being n the
red refractionindex.
Ahv-E,J

. @
where A = (n-1)%(n+1)?, B =(B*c?¥)/[16n%(n+1)7]
and

L \3/2 L\3/2

B ne’h  C (2m, 2m;, N 3
4ncm§ (21:)3 72 K2 P ©)

where Cisamatrix e ement that connectsinitial and

fina states, n, isthe phonon occupation number, and

R=A,+

R=B

m, and m; are, respectively, the effective masses of

holesand e ectrons.

Fgure8ashowsthefit of thereflectanceof Agin, Te,
to Eq. (1) for direct band gaps. Thefitted reflectance
decreases (R{) when 1/hv increases (1/hvT) between
2/3Eg and 1/ E, and the concavity of thefitted curve

followsthe concavity of the measured reflectance, just
asdescribed by Diaz!*9. Figures8b showsthefit of the
reflectanceof Agin_Te, to Eq. (2) for indirect band gaps.
Inthiscase, thefitted valuesincrease (RT) with energy
valueshy > E, and the concavity of thefitted curve
followsthe concavity of the measured reflectance, fol-
lowing Diaz criteria. TABLES3and4lig dl thevd-
uesobtai ned fromthedifferent fittings. Thefitting of the
reflectance of Ga-rich compoundsusing Eg. (1) for di-
rect band gaps resulted in too low R-square values
(<0.5), indicatinganonrdiablefitting. Thereflectance
of dl thestudied compositionswasfitted to Eq. (2) for
indirect band gaps, obtaining good R-square values
(>0.9). Thedirect and indirect band gap energies ob-
tained for Agin_Te, areingood agreement with those
measured by other authorg™ using transmittance and
resistivity measurements. Thevaluesof thered refrac-
tionindex nwereobtained from theminimumand maxi-
mum A, values, being morereliable those obtained
fromindirect band gap fittings, which arein good
agreement with the n valuesfor tellurium for normal

incidencewithE L ™.
CONCLUSIONS

Ingotsof Ag(In,  Ga ). Te, wereobtained by direct
fusion of thestoi chiometric mixture of thed ements. The
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system showed p-type conductivity except for x=0.2
that showed an n-type conductivity. The X-ray pow-
der diffraction patterns confirmed that asingle phase
withtetragona structure occursfor thestudied Ag(In,
_Ga ). Te, compounds. Thevariation of theunit-cell lat-
tice parametersa and c werereported and astructura
transition from tetragonal thiogallate to tetragonal
scheelite was estimated at x=0.73. The melting tem-
peraturesincreasewith galium composition. Theband
gap energy valuesand theredl refractionindiceswere
estimated from refl ectance measurements. Thefittings
to obtainindirect band gap energiesresulted morerdli-
ablethan thoseto obtain direct band gap energies, au-
thorssuggest that Eq. (1) probably needsto consider
the phonon contribution when the studied materid has
both direct and indirect band gaps.
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