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Synthesis, X-Ray Diffraction (XRD), Differential Thermal
Analysis (DTA), and Scanning Electron Microscopy (SEM)
of the Alloy (CulnTe;)1x(NbTe)x with x=0.5

Gerzon E. Delgado * © 2 Miguel Palmera © °, Pedro Grima-Gallardo @ ¢ and Miguel Quintero® ©

A polycrystalline ingot (30mm long, 10mm diameter) of the alloy (CulnTe2)+1.<(NbTe)x with x=0.5 has been produced
using the melt and anneal technique and characterized by X-Ray Diffraction (XRD), Diferential Thermal Analysys
(DTA) and Scanning Electron Microscopy (SEM). From XRD results, and using Rietveld refinement method, the
crystal structure has been obtained indicating than this alloy crystallizes in a chalcopyrite-like structure, space
group P42c¢ (N° 112), unit cell parameters a = 6.1933(2) A, ¢ = 12.4293(2) A, V= 476.75(2) A3, figures of merit
Rexp= 6.7%, Rp=7.5%, Rup=7.3%, and S = 1.1. DTA measurements indicate three thermal transitions at 1028, 977
and 886 K in the heating cycle, and 1016, 900 and 848 K in the cooling. The transitions at 1028 and 1016
correspond to the melting and solidification point, respectively; the transitions at 977 and 900 K are of solid to
liquid+solid type, whereas the transitions at 886 and 848 K correspond to order-disorder. The melting point is
incongruent. In the diffraction pattern, traces of a secondary phase are observed; this phase has been identified
using SEM technique as (Culn)osNbTex.
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1. Introduction

The use of semiconductor materials to convert industrial  directly convert heat into electricity or vice versa, the reason
waste heat into electricity is the main objective of why have been recently studied. Chalcogenides containing
thermoelectric technology [1]. Materials that display these  copper as univalent cation has received growing interest as
properties are called Thermoelectric Materials (TE) and can  promising thermoelectric materials due to their great
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elemental abundance, low toxicity, and high-level efficiency [2-
4]. The efficiency of TE materials is determined by the
dimensionless figure of merit, zZT = a20T/k, where a =
thermopower, o = electrical conductivity, T = absolute
temperature, and k = thermal conductivity [4].

Recently, attention has focused on studying the CulnTe;
ternary, a well-known semiconductor with a chalcopyrite
structure [5], due to its potential use as an agent in
thermoelectric technology with a figure of merit of 1.18 at 850
K, which is better than any other un-doped diamond-like
material [6).

In general, chalcopyrite compounds with formula I-11-VI; (I
= Cu, Ag; Ill = Al, Ga, In, VI = S, Se, Te) form a broad group of
semiconductor materials with diverse electrical and optical
properties [7]. These chalcogenide materials crystallize with
tetragonal symmetry in the space group 142d (N°122) being
isomorphic with the CuFeS; mineral known as chalcopyrite [8].
If these compounds are alloyed with a II-VI binary, it is possible
to form alloys with composition (I-llI-VI)x(lI-Vl)x, and
changing the variable x the following family of materials can
be produced, such as: Io-lI-lllp-VIs (x = 1), I-lI-I1-VI3 (x = %), and
IHl-lI-VIs (x = %). All these phases agree with the rules of
formation of adamantane compounds, belong to the normal
semiconductor derivatives of the II-VI binary semiconductors
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and are good candidates for intermediate compounds in the
phase diagram [9].

In particular, the families of the (Cu-Ill-VI2)1x(lI-VI)x system
with x = % has been investigated in our group and since the
structural characterization of the CuFelnSes-type [10]
structure, all those that have been synthesized have turned out
to be isomorphic, crystallizing in the tetragonal space group
P42c with a chalcopyrite-like structure [11]. Table 1 shows the
crystallographic information for members of this system
reported to date [10-18]. All these materials have been studied
for spintronic applications with interesting magnetic, thermal
and thermoelectric properties. For the more recent quaternary
reported, CuFelnTes, properties such as super-
paramagnetism and as n-type thermoelectric material
applicable at high temperatures have been found [19,20].

In particular, for the alloy CuNbInTes magnetic
measurement shown that the incorporation of magnetic Nb-
atoms in the diamagnetic CulnTe; matrix produces a
transition to the superconductor state, with a critical
temperature Tc = 12 K [21], however, there are no structural
reports in the databases Powder Diffraction File [22], Inorganic
Crystal Structure Database (ICSD) [23], or Springer Materials
[24]. Therefore, in this work the synthesis, thermal analysis,
and crystal structure analysis are performed.

Table 1. Structural information reported to date for chalcogenide alloys with formula I-llI-IV-VIz with I= Cu, II= Mn, Fe, Ni, Zn, Nb, Ta, Ill= Al

Ga, In, VI= Se, Te. [*] this work. All these phases crystallize in the space group P4 2c.

Compound a(h) c(A) c/a V (R3) Cu-Se 1I-Se lll-Se Ref
CuMnAISes 5.6034(6) 10.97707) 196 344.66(6) 2.423(8) 2.443(8) 2.397(8) [12]
CuMnGaSes 5.6230(4) 11.028(1) 196  348.68(5) 2.419(8) 2.452(8) 2.432(8) [12]
CuMninSes 5.7907(5) 11.648(1) 201 390.58(8) 2.428(8) 2.448(8) 2.614(8) [12]
CuFeAlSes 5.609(1) 10.963(2) 196 344.9(1) 2.418(8) 2.462(8) 2.379(8) [13]
CuFeGaSes 5.6165(3) 11.075(1) 197  349.36(4) 2.421(8) 2.467(8) 2.434(8) [13]
CuFelnSes 5.7762(2) 11.5982(7) 201 386.97(3) 2.423(8) 2.464(8) 2.602(8) [10]
CuNiGaSes 5.6213(1) 11.0282(3) 196  348.48(1) 2.419(8) 2.465(8) 2.432(8) [14]
CuNilnSes 5.7857(2) 11.6287(5) 201 389.26(3) 2.421(8) 2.462(8) 2.614(8) [14]
CuZnAlSes 5.6083(2) 10.992(1) 196  34573(4) 2.426(8) 2.451(8) 2.387(8) [15]
CuZnGaSes 5.6165(3) 11.075(1) 197  351.49(4) 2.426(8) 2.452(8) 2.439(8) [15]
CuZninSes 5.7922(4) 11.658(1) 201 391.12(8) 2.429(8) 2.450(8) 2.615(8) [15]
CuNbGaSes 5.6199(4) 11.0275(2) 196  348.28(4) 2.425(8) 2.445(8) 2.438(8) [16]
CuTalnSes 5.7831(1) 11.6227(4) 201 388.71(2) 2.438(6) 2.458(6) 2.599(6) [17]
CuFelnTes 6.1842(1) 12.4163(2) 201  474.85(1) 2.665(1) 2.726(1) 2.746(1) [18]
CuNblInTes 6.1933(3) 12.4293(2) 201 477.13(5) 2.639(1) 2.756(1) 2.768(1) [

2. Results and Discussion

In Figure 1, the composition representation for the
quaternary system Cu-In-Nb-Te is displayed. The red triangle
is composed by the Cu,Te-NbTe, NbTe-In,Tes and Cu,Te-
In,Tes tie lines where it can be noted that the ternary CulnTe,
is located at the center of the Cu,Te-In;Tes tie line whereas the
alloy CuNbinTes is at the center of the CulnTe,-NbTe tie line.
This type of diagram is useful in order to know if the phases
observed belong to the phase diagram or they are impurity
phases.

Figure 2 shows the experimental (Yobs in red) powder XRPD
pattern of CuNbInTes. Some peaks with very low intensities
cannot be indexed. Bragg positions of the diffraction peaks
from this compound are also indicated. The first peak
positions of the main phase were successfully indexed using
the Dicvol04 program [25] in a tetragonal unit cell with similar
parameters to those of the ternary chalcopyrite parent
CulnTe; [5]. A space group search using ExtSym program [26]

suggested the space group P21 2c which is consistent with the

systematic absences. CuNbInTes is isomorphic with the
related quaternary alloys CuFelnSes [10] and CuFelnTes [18],
with a P-chalcopyrite structure.

Nb

CuNbInTe4

Cu

InaTe,

In CulnTe»

Fig. 1. Compositional representation of the Cu-Nb-In-Te
quaternary solid solutions system.
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Fig. 2. Rietveld refinement final plot of CuNbInTes. Unindexed peaks are denoted by asterisks. The lower trace is the difference curve
between observed and calculated patterns. The Bragg reflections are indicated by vertical bars.

For the Rietveld refinement [27] of the CuNbInTe; crystal
structure, the more recent version of the Fullprof, version 7.40,
March 2021 [28] was used. The atomic coordinates of
CuFelnTes [18] and the unit cell parameters obtained from the
indexed were used in the refinement. Peak shapes were
described by the parameterized pseudo-Voight function [29].
The background was described by the automatic interpolation
of 67 points throughout the whole pattern. The thermal motion
of the atoms was described by one isotropic temperature
factor for each type of atom.

A total of 23 parameters of the CuNbInTes alloy were
refined, including peak shape parameters, scale factor, cell
parameters, atomic coordinates, isotropic displacement

Table 2. Rietveld refinement results for CuNbInTes.

parameters, and full width at half-maximum (FWHM)
parameters.

The final plot of the Rietveld refinement is shown in Figure
2, the calculated powder pattern is shown as a solid black
color line, the solid blue line is the difference between the
calculated and experimental powder X-ray patterns, and the
vertical green lines show expected Bragg diffraction peaks
calculated using the space group P42c. Table 2 summarizes
the Rietveld refinement results for CuNbInTes, and Table 3
shown the atomic coordinates, thermal displacement factors,
bond distances, and bond angles. Figure 3 shows the unit cell
diagram.

Chemical formula CuNbInTes Wavelength (Cu Ko) (A) 1.5418
Formula weight (g/mol) 386.66 Range 26 (°) 10-100
a(A) 6.1933(2) Step size (°) 0.02
c(A) 12.4293(2) Counting Time (s) 40

Vv (A3) 476.75(2) N° intensities 4501
c/a 2.01 Independent reflections 322
System tetragonal Rexp (%) 6.7
Space group pdog (N 112) Ry (%) 7.5

y4 8/3 Ruwp (%) 7.3

px (g cm3) 6.074 S 1.1

Rexp= 100 [(N'P"'C)/Zw()’obsz)]wz
Rp=100 Z|yobs‘Y<:aIc|/Z|YObs|

The quaternary superconductor alloy CuNbinTes,
bellowing to the system (CulnTez)1x(NbTe)x with composition
x = %, crystallize in the tetragonal space group P42c with a
CuFelnSes-type structure. In this P-chalcopyrite structure [11],
the addition of a new cation, as a transition metal, to a ternary
chalcopyrite structure leads to symmetry reduction from an

ordered chalcopyrite structure Iz‘ 2d to a related PZ‘ 2c with a
partially disorder cation distribution [10]. This alloy has a
normal adamantine-structure and can be described as a

N-P+C is the number of degrees of freedom
pr= 100 [Zw'Yobs‘)’calc|2/Zw|)’obs|2]1/2

S= [pr/ Rexp]

derivative of the sphalerite structure [9], where each cation is
coordinated by four anions (Te) and each anion is coordinated
by four cations (one Cu, one Nb, one In, and one M) located at
the corners of a slightly distorted tetrahedron.

Bond distances in Table 3 show a Cu-Te bond length of
2.639(1) A,Nb-Te of 2.756(1) A, and In-Te of 2.768(1) A. These
lengths compare well to those found for the related ternary
adamantine structures: CulnTe; [(2.5881(3)-2.7878(3) A] [5],
CuNbTe, [average 2.626(7)-2.861(5) A] [30], CusNbTe,
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[(2.588(4)-2.633(4) Al [31], AginsTes [32], AginTe, [33],
CuslnsTeg [34], CuslnyTeq2 [35], and quaternaries: CuTazlnTey
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[36], CuCozInTes and CuNioInTe4 [36], and CuFelnTes [18].

Table 3. Atomic coordinates, isotropic temperature factor, and selected geometric parameters (A, °) for CuNbInTes, derived from the
Rietveld refinement. Bond valence sum (BVS) results are shown. M = (4Cu+':Nb+4In).

Atom Ox. BVS Wyck. X y z foc B (A?)

Cu +1 1.38 2 0 % % 1 0.5(1)

Nb +2 2.53 2e 0 0 0 1 0.7(1)

In +3 3.24 2b % 0 % 1 0.6(1)

M 2f i i Y 1 1.0(1)

Te 2 231 8n 0.2532(1) 0.2560(1) 0.1173(1) 1 1.5(1)
Cu-Te 2.639(1) Nb - Te 2.756(1) In - Tel 2.768(1)
Tei-Cu- Tei 107.7(1) x4  Te-Nb-Tev 111.1(1) x4  Tel-In-Tev 110.7(1) x4
Tei-Cu-Tev 112.6(1) x2  Te-Nb-Tev 105.5(1) x2  Tel-In-Tevi 106.3(1) X2

Symmetry codes:  0.5-x, 0.5y, 0.5+z; @y, x, z; (@ 0.5-x, 0.5+y, 0.5z ™ -y, 1%, z; (Vl X,-y,z, My, X, -z EV“) 0.5+, -0.5+x,0.5Z; i) -0,54x, -0.5+y,
0.5+z. Bond valence sum (BVS): V= 3iexp[(Ro-Rij)/b], b= 0.37 A, rs(Cu-Te)= 2.27 A, ro(Nb-Te)= 2.60 A, ro(In-Te)= 2.69 A

Fig. 3. Unit cell diagram of the quaternary CuNbInTes (P42c)
structure showing the tetrahedra around the Cu'™, Nb?*, and In3*
cations.

The chemical structure was validated using the Bond
Valence Sum (BVS) calculations based on bond-strength
examination [38,39]. These calculations use the Brown-
Altermatt empirical expression, Vjj = exp[(R.-d;j)/B, where d; is
the interatomic distance and B is taken to be a “universal”
constant equal to 0.37 A. The values for the reference
distance R, are 2.27 A, 2.53 A, and 2.69 A, for Cu-Te, Fe-Te,
and In-Te, respectively [39]. The calculated oxidation states
agree with the expected formal oxidation states for Cu'*, Nb2+,
In3+, and Te? ions, whose results can also be seen in Table 3.

In Figure 4, the DTA thermogram is displayed.
Measurements indicate three thermal transitions at 1028, 977
and 886 K in the heating cycle, and 1016, 900 and 848 K in the
cooling. The transitions at 1028 and 1016 correspond to the
melting and solidification point, respectively; the transitions at
977 and 900 K are of solid to liquid+solid type, whereas the
transitions at 886 and 848 K correspond to order-disorder. The

melting point is incongruent.

Based on heating and cooling cycles, the sequence of
transitions can be explained as follows (Scheme 1):

Solid 1 ﬂ

848 K

Solid 2 ﬂ Liquid + Solid 2 ﬂ Liquid

200K 1016 K

Scheme 1. Phase transitions in the DTA analysis of CuNbInTes.

1028

o { Heating cycle ——

ATIK]

~<——— Cooling cycle

24

848

-3 T T T T
600 700 800 900 1000

TIK]

1100

Fig. 4. DTA thermogram for CuNbInTes showing heating and
cooling cycles. The dashed red lines show the criteria
(intersection of the baseline with the slope of the peak) for the
transition temperatures. The red solid lines signal the transition
temperature values.

At T<848 K, solid 1 is a semi-ordered phase, s.g. P42c,
where cations are partially disordered. In the temperature
interval, 848 K < T < 900 K, solid 1 goes to solid 2 where a
complete disorder of the cations occurs; solid 2, possibly
shows a sphalerite structure, s.g. F43m, in analogy with
CulnTe,. At 900 K, solid 2 melt incongruently given place to a
relatively wide (106 K) solid + liquid region. Finally, at 1016 K,
all the solid phase becomes liquid.

For a more exhaustive analysis of the CuNbiInTes alloy,
SEM measurements were performed on a thin disk (Tmm
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think, 10mm diameter) cut from the center of the ingot. Table 4. SEM experimental results for the sample CuNbInTes.
Although, chh of t.he.sample ig composed by a chalcopyrite- MW Nominal Experimental
like phase with stoichiometry given in Table 4, in some parts Composition Stoichiometry  Stoichiometry
the sample another phase had been identified with @ (%) (%)
stoichiometry close to (Culn)osNbTe,, which can also be Cu=16.67 Cu=15.4+02
written as CulnNb,Tes (Table 4). This phase corresponds to CuNbInT 654,07 Nb=16.67 Nb=162+02
the (CulnTez)1x(NbTe)x alloy system with x=2/3; then, this uibintes ‘ In=16.67 In=15.5+0.2
phase, CulnNb;Te4, belongs to the phase diagram. Te = 50.00 Te=51.9+05
In Figure 5, the fluorescence spectrum and the atom
distribution are given. We can observe that the atom ﬁ‘; = ;?,gg ﬁ‘; = 12?1;1 g;
distribution is quite homogeneous. =29. =24.7£0.
q g CulnNb2Tes  874.58 In=12.50 n=11.04+02

Te =50.00 Te=50.8+0.6

Full scale counts: 3646 Il CuNbinTe3
B Synthetic Spectrum
[ Background Spectrum

4000 Te
3000
Nb
2000
1000 Te Te
In ¢y In Cu
In /l.\ Cu
0 T T T T : |
0 2 4 6 8 10

keV

CuNbinT=3(1)

e e SRR a@m

Fig. 5. CuNbInTe;z alloy: fluorescence spectrum and atom distribution.

3. Material and Methods

3.1. Synthesis amounts of Cu, Nb, In and Te elements (99.99% of purity,

A polycrystalline sample (1 g) of nominally CuNbinTeswas ~ GoodFellow) were charged in an evacuated quartz ampoule,
prepared by the melt and anneal technique. Stoichiometric ~ Which was previously exposed to pyrolysis to avoid reaction
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of the starting materials with quartz. Then, the ampoule was
sealed under vacuum and the fusion process was carried out
inside a furnace (vertical position) heated up to 1500K at a
rate of 20 K/h, with a stop of 48 h at 723K (melting
temperature of Te). The ampoule was shaking using a
mechanical system during all the heating processes to
guarantee the whole mixing of all the elements. The high
temperature was keeping for others 48 h with the mechanical
shaking system on. Then, the mechanical shaking system was
switched off and the temperature was gradually reduced at a
rate of 20 K/h, down to 900K. The ampoule was kept at this
temperature for 30 days. Finally, the sample was cooled to
room temperature at a rate of 10 K/h.

3.2. Scanning Electron Microscopy (SEM)

Stoichiometric relations of the samples were examined by
scanning electron microscopy (SEM) technique, using Hitachi
S$2500 equipment. The microchemical composition was found
by an energy-dispersive x-ray spectrometer (EDS) coupled
with a computer-based multichannel analyzer (MCA, Delta IlI
analysis, and Quantex software, Kevex). For the EDS analysis,
Ko lines were used. The accelerating voltage was 15 kV. The
samples were tilted 35 degrees. A standardless EDS analysis
was made with a relative error of + 5-10% and detection limits
of the order of 0.3 wt %, where the k-ratios are based on
theoretical standards.

3.3. Differential Thermal Analysis (DTA)

Differential Thermal Analysis (DTA) measurements were
obtained in the temperature range between 293 K and 1423 K,
using a Perkin-Elmer DTA-7 with aluminum and gold used as
reference materials. The charge was of the powdered alloy of
approximately 100-mg weight. Both heating and cooling runs
were carried out on each sample, the average rates of these
runs being approximately 10 °C /min. The error in determining
these temperatures is about +10 K.

3.4. Powder X-Ray Diffraction

A sample of CuNbInTe; was ground in an agate mortar and
pestle to a particle size of fewer than 106 pm. Powder X-ray
diffraction pattern was collected at room temperature (298 K)
on a Philips PW1250 powder X-ray diffractometer operating in
Bragg-Brentano geometry using Cu Ka radiation (A= 1.54056
A). A tube power of 40 kV and 25 mA was employed. A
diffracted beam graphite monochromator and a scintillation
detector were used. The scan range was from 10 to 100° 26
with a step size of 0.02° and a counting time of 50 s/step.
Silicon was used as an external standard. For the Rietveld
refinement, the whole diffraction data was used.

4. Conclusions

The quaternary alloy CuNbInTes was prepared by the melt
and annealing method and its crystal structure was refined
using powder X-ray diffraction data. This compound
crystallizes through a P-chalcopyrite fashion with a normal
adamantine structure and tetrahedral coordination around
cations and anions. The chemical structural was checked by
analysis of the interatomic distances using the Bond Valence
Sum (BVS) formula based on bond-strength examination. This
quaternary alloy melts incongruently at 1028 K. A secondary
phase, identified as (Culn)osNbTe,, was also observed.

Orbital: Electron. /. Chem. 2021, 14(1), 33-39
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