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Abstract

Project Code : TRG5780068

Project Title : Synthesis and electrical properties of conducting tellurium oxide

pyrochlores

Investigator :  Assist. Prof. Dr. Theeranun Siritanon
School of Chemistry, Institute of Science,

Suranaree University of Technology

E-mail Address : theeranun@sut.ac.th

Project Period : 2 years

The preparation and electronic properties of Cs; AAly33Te,6706 (A = K, Rb, and
Cs) are reported. Replacing Cs with smaller Rb and K reduces cell parameters of the
compounds but does not affect the overall structure. Electronic conductivity of all samples
were measured and explained based on the band conduction model. Although XPS
Te3ds, spectra indicate that all samples contain similar amount of Te*/Te® mixed
valency, their conductivity is varied from about 0.1 Scm in CsAl3;Te; 5,06 to 3 x 10°Scm
in RbAly33Te; 6706 and 3 x 107Scm in KAly33Te; 70¢ at 300K. To explain such large
differences, the band structure diagrams are proposed based on the UV-Vis spectra and
XPS spectra at valence band region. When the obtained activation energy of conduction
and the proposed band diagram are considered, it is concluded that AAly33Te; 6,0¢ (A =
K, Rb, and Cs) are n-type semiconductors. The defect levels in these samples originate
from Te* whose energy level relative to the conduction band minimum is different from
samples to samples. Such differences are affected by Cs content in the structure as Cs
seems to lower the band gap energy and increase the valence band maximum. It is the
position of these defect levels that determines the electronic conductivity of the

compounds.

Keywords : Pyrochlores, oxides, electronic properties, X-ray photoelectron spectroscopy
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1. Introduction

At temperatures lower than the critical point (T.), superconductors exhibit several
unique properties including having zero resistance and expelling magnetic field (Meissner
effect). Such properties allow many applications; some are already available such as the widely
used Magnetic Resonance Imaging (MRI), superconducting magnetic energy storage (SMES),
and high energy physics accelerator. However, the maximum uses of superconductors are still
limited by some factors especially the critical temperatures which are usually much lower than
room temperature. Moreover, many high-T, superconductors have complicate structures which
are difficult to prepare and fabricate in large scale. In addition, some materials consist of toxic
elements which raises concerns in environmental issues. Nevertheless, the benefits of
superconductivity outweigh all the difficulties. As a result, scientists never stop trying to

discover better materials and improve the existing ones.

Superconductivity has been observed in many materials including mixed valence
oxides with heavy post-transition metals. Sleight et al. reported the superconductivity in BaBi,.
«Pb,O3 perovskites with transition temperatures as high as 13K". Similar phenomenon is found
in BaPb,_,Sb,0O; where the superconductivity was reported with transition temperature of 3.5K
by Cava et al.? It is reported that diffused s orbitals in Pb, Sb, and Bi play an important role in
superconductivity of the mentioned compounds. In addition, Post transition elements form
oxides with interesting structures and properties. Several oxides containing heavy post
transition elements are known to have good electronic conductivity due to the presence of
diffused s orbitals which results in wide conduction bands and low carrier mobility. Some well-

known examples include In,0;, ZnSn0O;, and 1n,Sn;04,.%°

As a member of heavy transition elements which also has diffused s orbital, oxides
of tellurium are interesting new candidates. Although there is no report on superconductivity in
any tellurium oxides, relatively high electronic conductivities have been reported in some
tellurium oxides with general formula Cs(M,Te),Og; M = 2+, 3+ and 4+ cations which show n-

type semiconducting behavior due to Te*/Te® mixed valency as summarized in Table 1.8



Table 1: Cs(M,Te),Og oxides with pyrochlore structure and their electrical properties

Compound a (A) P (Qcm) @RT S (MV/K) @RT
CsM* . Te, O,

Cs(Alg33Te1 67)O06 10.085 10 -87
Cs(Cro33Te167)06 10.159 >10° -
Cs(Mng 33Te; 67)Og 10.186 3x10° -390
Cs(Feg33Teq67)O06 10.183 42 -130
Cs(Cop 33Te1 67)06 10.175 118 -206
Cs(Gags3Te167)06 10.158 3 -50
Cs(Sco33T€167)06 10.256 10° -
Cs(Ing33Te1 67)O6 10.281 33 -150
Cs(Tlp33Te167)06 10.345 3 -70
Cs(Lug3sTe; 6706 10.348 >10° -
Cs(Ybg 33Te; 67)0s 10.357 >10° -
Cs(Tmg 33Te 67)O6 10.364 >10° -
Cs(ErgssTes 67)0s 10.375 >10° -
Cs(Hog 33T€1 67)O6 10.394 >10° -
CsM* . Te, O,

Cs(GegsTe;5)06 10.044 0.5 -51
Cs(TigsTe 5)Og 10.150 >10° -
Cs(RhgsTe;5)06 10.181 10° -90
CsM* , Te,..O,

Cs(Mgg 25Te; 75)Og 10.220 482 -180
Cs(Zng25Te+ 75)Og 10.233 >10° -

Cs(Nig 25Te4 75)Og 10.219 >10° -




It has been established that M cations in the mentioned formula play some roles in
determining electronic conductivity of the compounds. Smaller M cations reduce the cell
parameter which compress Te*" in the structure and consequently destabilize it. In addition,
suitable M cations could provide orbitals with appropriate energy to overlap with Te 5s which
could give rise to samples with higher conductivity. Only one compound in these series,
Cs(Al,Te),Oq, was extensively investigated where the presence of Te*' in the octahedral
network is detected through detailed structural studies. It was concluded that Te**/Te®" mixed
valency in the compounds is a result of small deviations from stoichiometry’. However, the
role of Cs in the structure remains unclear. Thus, the objectives of this work are to deepen the
understanding of these series of oxides and to study the effects of cations at Cs position on
the electronic properties of compounds in Cs,AAly33Te 5,06 A = Rb and K series. The
obtained knowledge is expected to be beneficial to the future studies and designs of conducting

metal oxides.

2. Objectives

2.1 To prepare pyrochlore oxides with the general formula Cs;_, AAlg33Te46706; A =
Rb and K with x =0, 0.2, 0.4, 0.6, 0.8, and 1

2.2 To study structure, composition, and electronic properties of the obtained
compounds

2.3 To explain the relationships between structure, composition, and the electronic

properties of the compounds.

3. Experimental and calculational details
3.1 Sample preparations

All samples were prepared by solid state reaction. The reactants are CsNO; (Sigma-
Aldrich, 99+%), RbNO; (Acros organic, 99.8%), Al,O3 (Acros organic, 99+ %, for Rb-doped
series), Al(OH); (Acros organic, 99.9%, for K-doped series) and TeO, (Acros organic, 99+%).

Stoichiometric mixtures of the reactants were weighed and ground in an agate mortar and



heated at 500 °C for 5 h in air. After that, the samples were reground, pressed in to pellets

and sintered at 625 °C for 12 h in air.
3.2 Characterizations

Powder X-ray diffraction (XRD) patterns were recorded by a Bruker D2 Phaser
diffractometer (Cu KO radiation, A = 1.5406 A) for phase identification. The X-ray
Photoelectron Spectra (XPS) of Cs 3d, Rb 3d, K 2p, Al 1s, O 1s, Te 3ds5, and valence band
(VB) were recorded by a PHI5000 VersaProbe Il XPS instruments (ULVAC-PHI, Japan)
(Monochromatic X-ray of Al KOl ,1486.6 eV) at SUT-NANOTEC-SLRI joint research facility,
Synchrotron Light Research Institute (SLRI), Thailand. The binding energies drift due to
charging effects were corrected using the position of the C 1s as a reference at 284.8 eV.%*
Agilent UV-Vis-NIR spectrophotometer modeled Carry 5000 was used for optical diffuse
reflectance spectroscopy (DRS). The diffuse reflectance (%R) spectra were recorded in the
wavelength range of 200-2000 nm with the double beam mode. Bandgap energy was obtained
by extrapolation of the plot of (KhV)”2 versus photon energy (hV), where K is reflectance
transformed according to Kubelka—Munk function [K = (1 — R}*2(R)], R = (%Rsample
1%Rgtandara)- | The Electrical conductivity of all sintered samples was measured from 300 to
673 K by four probe method using Keysight B2901A source/measure unit. In the typical
measurements, platinum wires were connected to the sintered piece of the sample using the
conducting high-temperature silver paint. The other side of the wires were connected to the
source/measure unit while the sample was put in a tube furnace. The temperature was raised
to the designated values and the measurements were performed after the equilibrium was
reached (the temperatures remained constant). The measured resistance was used, along

with dimensions of the sample, to calculate the resistivity.
3.3 Calculations

The density of states (DOS) were calculated based on density functional theory (DFT)
using the Vienna ab initio simulation package (VASP)'*"® mploying the Perdew, Burke,
Ernzerhof (PBE) exchange-correlation function implemented with the projector augmented-

wave method (PAW).15'16 I' -centered 3x3x2 Monkhorst-Pack k-mesh was used for the Brillouin



zone integrations. The cutoff energy for plane-wave basis sets was set at 520 eV. Structural

relaxation was performed until the force on each ion is less than 0.01 eV/A.

4. Results

4.1 X-ray diffractions

Powder X-ray diffraction patterns indicate that all samples are single phase (Fig. 1).

All diffractions can be indexed as AB,Ogz defect cubic pyrochlore structure (B-pyrochlore) with

Fd3m space group.17
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Fig.1 XRD patterns of Cs,,Rb,Al;33Te;60sand Cs,K,Alys3Teq 6706

Fig. 2 shows A,B,0; pyrochlore structure which can be explained based on the
interpenetrating networks of B,Og octahedral units and the A,O’ chain. However, the interaction
between A and O’ is relatively weak and the ‘back-bone’ of the structure is the B,Og octahedral

units. The weak interaction between the B,Ogz network and A,O’ chain thus allows some



vacancies in the chain leading to several types of defect pyrochlores such as [ 1AB,Og[ | and

A,B,0,, L1..

Fig. 2: (a) A,O’ chain [red balls represent O], (b) B,Og octahedral network, (c) A,B,0O;

pyrochlore structure

In the AB,Og defect cubic pyrochlore or the B-pyrochlore structure, O’ and one of A in
the A,O’ chain are vacant while the B,Og network remains unchanged. Thus, the structure has
many vacancies and there are several possible crystallographic sites for the remaining A cation
including the 8b, 16d, and 32e position (Fig. 3). In general, small cation like Na prefers 16d
site"® while K, Rb, and Cs usually occupy 8b or 32e position.“"20 However, The XRD patterns
of our samples suggest no indication of A cations (Cs, Rb, and K) being at other positions
other than the normal 8b site but small deviations from this ideal position, like the 32e position,
is also possible.

It is worth to note that the displacive disorder of A cation from 8b to 32e position result
in a nonlinear increase of cell parameters in AAly33W, 6,06, A = Cs, Rb, and K.?' However,
such anomaly is not observed in this work although the samples are quite similar. Plots of
calculated cell parameters versus substituting content are linear in both series (Fig. 4). As both
K" (1.51 A) and Rb* (1.61 A) are smaller than Cs* (1.74 A), increasing their content results in
smaller cell parameters as expected.zz'23 However, the main network of the structure is the
B,Og octahedral network, changing A cations has a much smaller effect on the cell parameters

comparing to changing the B cations. Similar results were reported by Castro and Rasines.?*



Fig. 3 Crystallographic sites for A cation in AB,Og defect pyrochlore. Ball and stick model

shows the arrangement of A,O’ chain and the polyhedral represent B,Og octahedral network.

The linear relationship between the cell parameters and the substituting content also
confirms that K, Rb, and Cs randomly distribute in the A position of the structure without
changing the main B,Og network. In addition, it is known that K containing defect pyrochlore
oxides can sometimes contain water molecules in the structure. In those cases, cell parameters
are often deviated from the expected values. Therefore, lack of any deviation from the linear

line in Fig. 4 led us to believe that our samples do not contain water molecules.
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4.2 X-ray photoelectron spectroscopy and calculations

XPS survey spectra of CsAlgssTe 706 (CATO), RbAlg33Te 6,06 (RATO), and
KAlg33Teq 6706 (KATO) show the corresponding elemental compositions in each compound
(Fig. 5). Cs3d, Rb3d and K2p XPS spectra in Fig.6 give semi-quantitative results on the
composition of the prepared samples. The obtained binding energies are close to those
reported in literature.>>?® The trend in peak areas of each element in the samples agrees well

with their nominal composition.
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Fig. 5: XPS survey spectra of CsAly33Te 6706, RbAlp 33Teq 5706, and KAlg 33Teq 6706

XPS spectra of Te3ds, are also examined to probe oxidation states of Te in the
samples. As seen in Fig. 7, all spectra show small asymmetry with a tail on the lower energy
region. These spectra are fitted using two Gaussian-Lorentzian peaks; one represents Te* at
lower binding energy and the other represents Te®. For comparison, Te3ds, spectra of
CsTe,Og (CTO), a known compound which contains both Te**and Te®, are also shown and

fitted with the same method here. The binding energy and peak area of each peak are



Intensity (a.u.)

Intensity (a.u.)

summarized in Table 2. It is interesting to note that while the binding energies of the observed
Te® are close to the reported values, those of Te** in Csi,AAl33Te 6706 (A = K, Rb, and
Cs) are slightly smaller than most reported values forTe**.2*3% On the other hand, the obtained
values are too high to be assigned to Te(0) or Te* states.®' As chemical environments affect
the binding energy, binding energy of Te** in these samples which is in the unique compressed

octahedra is expected to be different from that of Te** in TeO, standard. In fact, our values

are close to that reported in Gd,(Ti,-,Te,)O; pyrochlores.32
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Esb — Cs
Rhnz K[I.Z
RbM — K,
RbM - KM
08 l([I.B
L, e T T
720 730
Rb 3d
114 116 118 120 122 124 114 116 118 120 122 124
B.E. (eV) B.E. (eV)
Cs —— Rb,, — s — K,
—— Rb —
0.2 Rb, K, — K,s
Rbo.;tﬂ Rb — Ky K
ek ,u-.;,ﬁ;#,?!»'&wf"m;*ﬁ.ﬁm.;%ﬁ‘{- ———=7- .I«.“uu..;.‘.‘img.wr;v‘;,g‘q ﬂ@T\!\...‘.’-w
115 120 290 295 300 305
B.E. (eV)

Fig. 6: Cs3d, Rb3d, K2p and Al 1s XPS spectra of Cs;,Rb,Al;33Te; s;0sand Cs;.

KAl 33T€1 6706
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Fig. 7: XPS Te3ds,, spectra of the samples

It is difficult to quantitatively conclude the amount of Te*" in the samples based solely
on the peak areas. Nevertheless, the existence of Te*'is obvious and its amount in the cubic
pyrochlore samples is very low. The presence of small amount of Te*'is a result of small
deviation in stoichiometry as reported by Li et al.” who concluded that the composition of the
prepared CsAlg3;Te; ;05 Was actually CsAlg sTe; 700s. Small amount of Te®" must then be
reduced to Te** to maintain charge neutrality. Te 3ds, XPS results reported here reveal the
existence of Te*" in all samples with similar peak areas suggesting that the Rb and K

substituted samples contain similar defects with a similar amount.
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Table 1: Te 3ds, fitting results

Te6+ Te4+
Comp. B.E. FWHM B.E. FWHM Ratio of  R?
(X) (eV) (eV) (eV) (eV) Te®: Te*
(1.67)
0 576.03 1.70 574.12 1.62 1.62:0.05 0.9983
Rb-doped
0.2 576.25 1.72 574.19 1.68 1.61:0.06 0.9991
0.4 576.27 1.79 574.22 1.78 1.62:0.05 0.9987
0.6 576.28 2.00 574.25 1.86 1.62:0.05 0.9994
0.8 576.36 1.90 574.28 1.68 1.60:0.07 0.9992
1.0 576.40 1.85 574.28 1.80 1.60:0.07 0.9995
K-doped
0.2 576.28 1.89 574.29 1.68 1.61:0.06 0.9993
0.4 576.32 1.79 574.33 1.72 1.60:0.07 0.9995
0.6 576.32 1.84 574.34 1.61 1.60:0.07 0.9982
0.8 576.35 2.02 574.43 1.99 1.60:0.07 0.9987
1.0 576.42 1.97 574.46 1.87 1.61:0.06 0.9992
CsTe,O,
- 577.07 1.72 575.50 2.00 1.66:0.44 0.9981

(T96+1 5 Te4+0_5)

11



XPS spectra at valence band region (Fig. 8a) give valuable information regarding
electronic structure of the samples. Like most oxides, the top of the valence band is
predominantly O2p. The outstanding feature of the spectra is the position of alkali p orbitals
which is at about 10, 13, and 17 eV for Cs 5p, Rb 4p, and K 3p, respectively. The positions
of these states are similar to values in other reports.?®**3** Rb 4p and K 3p bands are quite
separated from O 2p near the top of the valence band and should not have much contribution
in it. Thus, the spectral feature and position of the valence band in Rb and K containing
samples are very similar. This also implies that any effects from the difference in bond
distances and angles are insignificant. Two samples containing Cs have similar spectra though
there are some differences as both samples contain quite a different composition and have
related, but different, crystal structure. As Cs5p bands are clearly overlapping with O 2p, Cs
is believed to contribute to the valence band. The overlapping between Cs 5p and O 2p in the
valence band is observed in many oxides.*** The contribution from Cs5pbroadens the valence
band thus causes the shift in its position comparing to the other two samples with no Cs. In
addition, the spectral shape of CsTe,Og valence band is different from others. Besides the
dominant peaks contributed by O 2p, there is another small peak on top of that the valence
band maximum (VBM) (Fig. 8b).

To gain deeper understandings, band structure calculation was performed for CsTe,Og.
Valence band of CsTe,Og may be divided into three regions (Fig. 8c). The small peaks at VBM
consist of O 2p and Te 5s orbitals. The wide region at approximately -1 to -6 eV is
predominantly O 2p with a small contribution from Te 4d orbital and the sharp peak at about
-6 to -8 eV is formed mainly by Cs 5p orbital with some contribution from Te 5p. These main
features of the valence band are qualitatively comparable to the obtain XPS spectra. It is
interesting to note that the small peak at VBM is not observed in XPS spectra of the
AAly 33Te 670¢ series. However, as proposed by Li et al.” and deduced from Te 3ds, spectra,
AAlj 33Te, 6,05 samples should contain only about 3% of Te** which is very little comparing to
25% in CsTe,Og¢. Besides, it is difficult to compare the spectra of these two series as they

have a different structure which leads to the different position of Te 5s.

12
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Fig. 8 XPS valence band spectra of CsTe,Og and AAly33Te 6705 (A = Cs, Rb, and K) (a) and

the close-up of Cs containing samples showing an additional small peak near the Fermi level

(b). (c) shows the calculated valence band of CsTe,Oq
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4.3 Electrical conductivity

Electronic conductivity of Cs; AAly33Te 6706, A = Rb and K decrease with increasing
A content. The effect is very significant as room temperature conductivity of KAl, 33Te ;0gand
RbAl; 33Te, 4;0¢ are 10% and 10° times lower than that of CsAlj 33 Teq 706, respectively (Fig. 9).
Electronic conductivity in mixed valence oxides can be usually explained based on two
mechanisms, the band conduction and the small polaron hopping. While the temperature

dependence conductivity in band conduction can be explained by the Arrhenius’ equation: O

EVKD) where A and B are

= Ae'®¥T) that of the polaron hopping is best described by OT = Be!
pre-exponential constant, k is Boltzmann constant, Ea and Eh are activation energy, and T is
absolute temperature. Conductivity of all samples are plotted based on both models as shown
in Fig. 7a and b and the activation energy are calculated and summarized in Table 2. The
activation energy of conduction calculated from both models follow the same trend. The lower
Cs content, the higher the activation energy. As the linear relationship is observed in both
cases with similar R?, it is difficult to conclude the conduction mechanism of the samples with
the present results. However, conductivity and activation energy of small polaron hopping
usually relate to the hopping distance. The longer M-O bond distance should result in the
higher activation energy and lower conductivity.*’® As XPS results suggest no significant
difference in defect concentration of the samples, the change in hopping conductivity should
depend on the carrier mobility which directly relates to the hopping distance. It is improbable
that the difference in the hopping distances, M-O, in our samples is large enough to result in
such a large difference in the conductivity. Thus, we believed that band conduction is dominant
in this temperature range. Interestingly, Siritanon et. al.® previously reported that the Arrhenius
plot of Cs(M,Te),Og are not linear in temperature range 50-300K and concluded that the
samples exhibit variable range hopping conduction as the plots of log conductivity vs. 1T™
are linear. Therefore, the samples have different conduction processes at different
temperatures. In fact, crossover from variable range hopping conduction to thermally activated
band conduction from low to high temperatures have been reported in many systems and

believed to also be the case here.>**°
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Table 3: Activation energy and R? obtained from fitting the electronic conductivity of Cs;.

AAl33Te 6706, A = Rb and K samples with band conduction and small polaron hopping.

Band conduction Small polaron hopping
X. E, (eV) R? E, (eV) R?
0 0.108 0.9854 0.146 0.9875
Rb-doped
0.2 0.113 0.9985 0.150 0.9976
0.4 0.174 0.9921 0.212 0.9922
0.6 0.183 0.9972 0.220 0.9977
0.8 0.194 0.9919 0.231 0.9926
1.0 0.224 0.9870 0.261 0.9877
K-doped
0.2 0.151 0.9914 0.188 0.9916
0.4 0.180 0.9856 0.218 0.9863
0.6 0.186 0.9855 0.224 0.9862
0.8 0.247 0.9934 0.285 0.9940
1.0 0.364 0.9888 0.402 0.9890
CsTe, 04
- 1.15 0.9987 1.20 0.9988




4.4 Optical property

The UV-Vis absorption spectra of CsTe,Og and AAlys3Te 5706, A = Cs, Rb, and K is
shown in Fig. 10a and the band gap energy obtained from the extrapolations (Fig. 10b) are
summarized in Fig. 12. Although most oxides containing Cs and Te have large band gap
and white color, the band gap of CsTe,Ogq is only about 1.4 eV and the compound is dark
brown. The unusually small band gap is a result of Te**, Te®* intervalence charge transfer
(IVCT) which gives rise to the absorption in a visible region corresponding to the transition
from Te**5s? to Te®*5s°. Although there are very few reports on Te**/Te®* charge transfer,
similar mechanism is widely studied in other mixed valence systems including those with

post transition cations like Sb, Sn, TI.4'#?
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Fig. 10: UV-Vis spectra (a) and extrapolation of the band gap energy (b) of CsTe,Og and

AAlg 33Te 6706 (A = Cs, Rb, and K)
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UV-Vis spectra ofAAly33Te; g;0gseries are obviously different from that of CsTe,Og
although the compounds also containTe*/Te®" mixed valency. However, Te* and Te® in
CsTe, 04 are in different crystallographic sites while those in AAlj;3Te, 5,05 are in the same
one. As }\max of absorption should be directly related to the energy difference between Te**
5s%and Te®" 5s°, the more similarity of the environment around Te** and Te®* in AAly35Te; 5,06
results in absorptions at a longer wavelength. Therefore, it is concluded here that the very
broad and strong absorption centering at long wavelengths is associated with IVCT of Te*
and Te%". Mizoguchi et al.*' also reported similar diffuse reflectance spectra of BaSn,,Sb,0;

which contain mixed valence ions and show a very broad absorption band due to IVCT.

4.5 Discussions

It has been established that CsAlj 33Te 6;0¢ shows relatively high conductivity.6 Li et.
al.” concluded that the conductivity comes from small deviations from stoichiometry which
results in small amount of Te** producing mixed valence compounds. The n-type behavior in
these series of compounds is explained by the presence of donor defect levels originating from
Te*". In general, type of M cations in Cs(M,Te),O; affects the conductivity of the compounds
as small M cation reduces M/Te-O distance thus destabilizes Te*" in the structure increasing
their energy level. In addition, some M cations could provide orbitals with appropriate energy
to overlap with Te 5s which increase the conductivity.

When Cs is replaced by Rb and K in Cs;_,AAly33Teq 706, the difference in conductivity
is very pronounced although the same Al is present. Additionally, samples containing Rb and
K have much less conductivity despite the smaller cell parameters. XPS results obtained in
this work do not indicate any difference in the number of Te*", hence the number of defect
levels, in all samples. In addition, we have also prepared and measured conductivity of
CsAl,Te,,Og and RbAIl, Te,,Og with different x values. As shown in Fig. 11, the conductivity of
both series exhibit similar Al content dependency which is also in agreement with the previous
work.” It is, therefore, reasonable to conclude that the type and the amount of defect, e.g.
Te*, are similar in all samples. If the number of Te* is similar, then the difference in

conductivity must be related toTe*" energy level relative to the conduction band.
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Fig. 11 Resistivity of the AAl,Te,,Ogs (A = Cs and Rb). Note that resistivity of KAl Te,_,Og

samples when x is not equal to 0.33 are too high to be measured with the current technique

Based on the band gap energy obtained from UV-Vis results and the VBM position
obtained from XPS valence band spectra, we propose schematic band structure diagram of
the samples as depicted in Fig.12. From the figure, the difference between Fermi energy level
and the bottom of the conduction band (E,) is obtained. Generally, the band diagrams of these
four samples represent their semiconducting behavior. However, the activation energies of
conduction indicate that their behavior are different. The activation energy of conduction of
CsTe,0O4 (1.15 eV) (Fig.9) is in the same order with its band gap energy suggesting the intrinsic
semiconducting behavior. The conductivity of this sample is small because large energy is
required to activate electrons across the band gap. It is noteworthy that E4 and the activation
energy of conduction in CsTe,Og are significantly different which indicates that there is no
defect level at the Fermi energy level (Ef). On the other hand, the activation energies of
AAly33Teq 670¢ are close to E4 and much smaller than their band gap energy which suggests
the presence of defect levels close to the conduction band within the band gap. The presence

of such defect levels is a characteristic of n-type semiconductors which agrees well with the
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negative Seebeck coefficients.® E4 in these three samples indicate the position of defect levels

relative to conduction band minimum (CBM) which determines conductivity of the samples.

CsTe, 0 CsAly;;3Te; ;05 RbAly3;Te; 6,05 KAl ;;Te; 57,05
4\ N N N
:, ) : ~ 0.37 eV

1.36 eV | 1.24 eV 1.41 eV 1 1.38 eV 191ev || 1.67 eV 2.05eV

|

K3p
Valence band  Band gap energy Eq Activation energy of
Compounds
position (eV) (eV) (eV) conduction (eV)

CsTe,04 1.24 1.36 0.12 1.15
CsAly33Teq 6706 1.38 1.41 0.03 0.108
RbAlj 35Teq 704 1.67 1.91 0.24 0.224
KAl 33Teq 6704 1.68 2.05 0.37 0.364

Fig. 12 Schematic band structure of CsTe,Og and AAly33Te 6,06 (A = Cs, Rb, and K)

Replacing Cs with Rb and K have two effects on the band diagram; lowering the VBM
and increasing the band gap energy. It should be noted that lowering VBM in these cases is
not the only cause of increasing the band gap. Without the presence of Cs, VBM of both RATO
and KATO is about 0.3 €V lower in energy. However, the band gap differences between the

samples are 0.5-0.6 eV. As the conduction band should be mainly Te 5s with some contribution
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from Al and O, Te/Al-O bond distance and Te/Al-O-Te/Al bond angle must play important roles
in determining the CBM. Additional detail studies are required to further explain this matter.
Nevertheless, the combination of VBM lowering and band gap energy increasing when Cs is

replaced with Rb and K result in larger E4 and consequently lower conductivity.

5. Conclusion

Complete solid solutions of general formula Cs;,AAlg33T€16706; A = Rb and K with x
=0, 0.2, 0.4, 0.6, 0.8, and 1 have been successfully prepared by solid state reaction. The
compounds adopt AB,Og defect pyrochlore structure with Cs, Rb, and K in A site. Cell
parameters of the solid solutions vary linearly with the substituting content. Detail studies by
XPS technique indicate that all samples contain similar amount of Te**/Te®* mixed valency.
Such mixed valency is the origin of electrical conductivity in these compounds which behave
like n-type semiconductors. It is also the origin of absorption at long wavelengths which results
in unusually dark colors. The results obtained from XPS and UV-Vis absorption allow us to
propose the schematic band structure of the compounds which could explain both the electrical
and optical properties of the compounds. In general, the valence band is composed of mainly
O 2p orbital while the conduction band is predominantly Te 5s. Because of small deviation
from stoichiometry, small number of Te® is reduced to Te*" in the structure introducing the
donor defect levels close to the CBM. Excitation of electrons from such levels to the conduction
band leads to electrical conductivity. Thus, the difference between these defect levels and the
conduction band (E,) determines the activation energy of conduction and, consequently, the
conductivity of the compounds. Among all samples studied in this work, CsAly 33Te; 705 shows
the highest conductivity. Replacing Cs with Rb or K lowers the VBM and increases the band

gap energy which result in a larger Eg, thus the lower conductivity.
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7. Suggestions for future research

Although not widely studied, the current work has shown that Te-containing oxides
could be interesting candidates for many applications as they show n-type semiconducting
behavior. In addition, the origin of conduction is now realized through XPS studies. As the
conductivity is originated from Te*/Te® mixed valency, the electronic conductivity could be
manipulated by changing the chemical composition of the compounds. Increasing the
conductivity of the compounds in this series is challenging but could result in a completely new
group of metallic or superconducting oxides. In addition, the current research also indicates
that optical properties of the compounds could be manipulated by changing the elemental
composition which is crucial in some applications such as photocatalysis and transparent
conducting materials. In fact, it is known that oxides containing cations with diffused s orbital
including Te are often good candidates for both photocatalysis and transparent conducting
materials.

The compounds in this group have only been synthesized for the first time recently.
Some of their interesting properties have been investigated, several more are awaiting to be

explored.
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Abstracts

The preparation and electronic properties of Cs1.xAxAlo33Te16706 (A =K, Rb, and
Cs) are reported. Replacing Cs with smaller Rb and K reduces cell parameters of the
compounds but does not affect the overall structure. Electronic conductivity of all samples
were measured and explained based on the band conduction model. Although XPS Te3ds/,
spectra indicate that all samples contain similar amount of Te*"/Te®" mixed valency, their

conductivity is varied from about 0.1 S-cm in CsAlos3Te16706 to 3 x 10°Scm in

RbAIlo33Te16706 and 3 x 1077S-cm in KAlo33Te16706 at 300 K. To explain such large
differences, the band structure diagrams are proposed based on the UV-Vis spectra and XPS
spectra at valence band region. When the obtained activation energy of conduction and the
proposed band diagram are considered, it is concluded that AAlo33Te1670s (A = K, Rb, and
Cs) are n-type semiconductors. The defect levels in these samples originate from Te*" whose
energy level relative to the conduction band minimum is different from samples to samples.
Such differences are affected by Cs content in the structure as Cs seems to lower the band
gap energy and increase the valence band maximum. It is the position of these defect levels

that determines the electronic conductivity of the compounds.



Introduction

Post transition elements form oxides with interesting structures and properties.
Several oxides containing heavy post transition elements are known to have good electronic
conductivity due to the presence of diffused s orbitals which results in wide conduction bands
and low carrier mobility.! Some well-known examples include In,Os, ZnSnOs, and
InaSn3012.2* However, conducting tellurium oxides are very rare. To our knowledge, the only
clear examples are series of defect pyrochlores with general formula Cs(M, Te)20¢; M = 2+,
3+ and 4+ cations which show n-type semiconducting behavior due to Te*"/Te®" mixed

valency.®

It has been established that M cations in the mentioned formula play some roles in
determining electronic conductivity of the compounds. Smaller M cations reduce the cell
parameter which compresses Te*" in the structure and consequently destabilizes it. In
addition, suitable M cations could provide orbitals with appropriate energy to overlap with Te
5s which could give rise to samples with higher conductivity. Only one compound in the
series, Cs(Al, Te)20s, was extensively investigated through detailed structural studies where it
was concluded that Te*/Te®" mixed valency in the compounds is a result of small deviations
from stoichiometry.® However, the role of Cs in the structure remains unclear. Thus, the
objectives of this work are to deepen the understanding of these series of oxides and to study
the effects of cations at Cs position on the electronic properties of compounds in Cs1-
xAxAlo33Te16706; A = Rb and K series.

Experimental Section

All samples were prepared by solid state reaction. The reactants were CsNOz(Sigma-
Aldrich, 99+%), RbNOs (Acros organic, 99.8%), Al.Oz (Acros organic, 99+ %, for Rb-doped
series), Al(OH)s (Acros organic, 99.9%, for K-doped series) and TeO> (Acros organic,
99+%). Stoichiometric mixtures of the reactants were weighed and ground in an agate mortar
and heated to 500°C for 5 h. After that, the samples were reground and sintered at 625 °C for
12 hin air. Powder X-ray diffraction (XRD) patterns were recorded by a Bruker D2 Phaser
diffractometer (Cu Ka radiation, A = 1.5406 A) for phase identification. The X-ray
Photoelectron Spectra (XPS) of Cs 3d, Rb 3d, K 2p, Al 1s, O 1s, Te 3ds2 and valence band
(VB) were recorded by a PHI5000 VersaProbe Il XPS instruments (ULVAC-PHI, Japan)
(Monochromatic X-ray of Al K, ,1486.6 eV) at SUT-NANOTEC-SLRI joint research
facility, Synchrotron Light Research Institute (SLRI), Thailand. The binding energies drift
due to charging effects were corrected using the position of the C1s as a reference at 284.8



eV.”8 Agilent UV-Vis-NIR spectrophotometer modeled Carry 5000 was used for optical
diffuse reflectance spectroscopy (DRS). The diffuse reflectance (%R) spectra were recorded
in the wavelength range of 200-2000 nm with the double beam mode. Band gap energy was
obtained by extrapolation of the plot of (KAv)Y? versus photon energy (4v), where K is
reflectance transformed according to Kubelka—Munk function [K = (1 — R)?/2(R)], where R =
(%Rsample /%Rstandard). > 1% The Electrical conductivity of all sintered samples was measured

from 300 to 673 K by four-probe method using Keysight B2901A source/measure unit.
Calculations

The density of states (DOS) were calculated based on density functional theory (DFT)
using the Vienna ab initio simulation package (VASP)!-12 employing the Perdew, Burke,
Ernzerhof (PBE) exchange-correlation function'® implemented with the projector augmented-
wave method (PAW).2415 T -centered 3x3x2 Monkhorst-Pack k-mesh was used for the
Brillouin zone integrations. The cutoff energy for plane-wave basis sets was set at 520 eV.

Structural relaxation was performed until the force on each ion is less than 0.01 eV/A.

Results and discussions
Structure

Powder X-ray diffraction patterns indicate that all samples are single phase (Fig. 1).
All diffractions can be indexed as AB2Os defect cubic pyrochlore structure (B-pyrochlore)
with Fd3m space group.'® The defect pyrochlore structure can be explained based on the
interpenetrating network of (Al,Te)20s corner sharing octahedral units with A cations (Cs,
Rb, and K) occupying the interstitial sites. Comparing to A2B2>07 pyrochlore, defect
pyrochlore structure has lots of vacancies. In addition, there are few possible crystallographic
sites for A cations. The XRD patterns in this work suggest no indication of them being at
positions other than the normal 8b but small deviation from this ideal position, like the 32e

position, is possible.
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Fig. 1 XRD patterns of Cs1.xRbxAlo33Te1.670s and Cs1-xKxAlo33Te16706

It is worth to note that the displacive disorder of A cation from 8b to 32e position
result in a nonlinear increase of cell parameters in AAlo33W1,6706; A = Cs, Rb, and K.’
However, such anomaly is not observed in this work although the samples are quite similar.
Plots of calculated cell parameters versus substituting content are linear in both series (Fig.
2). As both K* (1.51 A) and Rb* (1.61 A) are smaller than Cs* (1.74 A), increasing their
content results in smaller cell parameters as expected.'®1° However, the main network of the
structure is the B.Og octahedral network, changing A cations has a much smaller effect on the

cell parameters comparing to changing the B cations. Similar results were reported by Castro

and Rasines.?°

XPS results

XPS survey spectra of CsAlo33Te1.6706 (CATO), RbAlg33Te1670s (RATO), and
KAlp.33Te16706 (KATO) show the corresponding elemental compositions in each compound
(Fig. 3). Cs3d, Rb3d and K2p XPS spectra in Fig. 4 give semi-quantitative results on the
composition of the prepared samples. The obtained binding energies are close to those

reported in literature.!>* The trend in peak areas of each element in the samples agrees well

with their nominal composition.
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Fig. 4 Cs 3d, Rb 3d, K 2p and Al 1s XPS spectra of Cs1-xRbxAlo33Te1670s and Cs-
xKxAlo.33Te1.6706

XPS spectra of Te3 ds, are also examined to probe oxidation states of Te in the
samples. As seen in Fig. 5, all spectra show small asymmetry with a tail on the lower energy
region. These spectra are fitted using two Gaussian-Lorentzian peaks; one represents Te*at
lower binding energy and the other represents Te®*. For comparison, Te3ds/. spectra of
(CTO), a known compound which contains both Te**and Te®", are also shown and fitted with
the same method here. The binding energy and peak area of each peak are summarized in
Table 1. It is interesting to note that while the binding energies of the observed Te®" are close
to the reported values, those of Te** in Cs1.xAxAlo3sTe16706 (A = K, Rb, and Cs) are slightly
smaller than most reported values for Te*".%>-26 On the other hand, the obtained values are too
high to be assigned to Te(0) or Te? states.?” As chemical environments affect the binding
energy, binding energy of Te*" in these samples which is in the unique compressed octahedra
is expected to be different from that of Te*" in TeO2 standard. In fact, our values are close to

that reported in Gda(Tiz-yTey)O7 pyrochlores.?®
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Fig. 5: XPS Te 3ds/2 spectra of the samples

It is difficult to quantitatively conclude the amount of Te*" in the samples based solely
on the peak areas. Nevertheless, the existence of Te*is obvious and its amount in the cubic
pyrochlore samples is very low. The presence of small amount of Te*" is a result of small
deviation in stoichiometry as reported by Li et al.® who concluded that the composition of the
prepared CsAlossTe1 6706 Was actually CsAlo0Te1700s. Small amount of Te®* must then be
reduced to Te*" to maintain charge neutrality. Te 3ds;2 XPS results reported here reveal the
existence of Te*" in all samples with similar peak areas suggesting that the Rb and K

substituted samples contain similar defects with a similar amount.



Table 1: Te 3ds, fitting results

Teb Te*
Comp B.E. FWHM B.E. FWHM Ratio of  R°
Teb": Tet*
X) (eV) (eV) (eV) (eV)
(1.67)
0 576.03 1.70 574.12 1.62 1.62:0.05 0.9983
Rb-doped
0.2 576.25 1.72 574.19 1.68 1.61:0.06 0.9991
0.4 576.27 1.79 574.22 1.78 1.62:0.05 0.9987
0.6 576.28 2.00 574.25 1.86 1.62:0.05 0.9994
0.8 576.36 1.90 574.28 1.68 1.60:0.07 0.9992
1.0 576.40 1.85 574.28 1.80 1.60:0.07 0.9995
K-doped
0.2 576.28 1.89 574.29 1.68 1.61:0.06 0.9993
0.4 576.32 1.79 574.33 1.72 1.60:0.07 0.9995
0.6 576.32 1.84 574.34 1.61 1.60:0.07 0.9982
0.8 576.35 2.02 574.43 1.99 1.60:0.07 0.9987
1.0 576.42 1.97 574.46 1.87 1.61:0.06 0.9992
CsTe20es
- 577.07 1.72 575.50 2.00 1.66:0.44 0.9981

(Te6+1,5: Te4+o,5)




XPS spectra at valence band region (Fig. 6a) give useful information regarding
electronic structure of the samples. Like most oxides, the top of the valence band is
predominantly O 2p. The outstanding feature of the spectra is the position of alkali p orbitals
which is at about 10, 13, and 17 eV for Cs 5p, Rb 4p, and K 3p, respectively. The positions of
these states are similar to values in other reports.?* 2%-30 Rb 4p and K 3p bands are quite
separated from O 2p near the top of the valence band and should not have much contribution
in it. Thus, the spectral feature and position of the valence band in Rb and K containing
samples are very similar. This also implies that any effects from the difference in bond
distances and angles are insignificant. Two samples containing Cs have similar spectra
although there are some differences as both samples contain quite a different composition and
have related, but different, crystal structure. As Cs 5p bands are clearly overlapping with
02p, Cs is believed to contribute to the valence band. The overlapping between Cs 5p and O
2p in the valence band is observed in many oxides.3'-*? The contribution from Cs 5p broadens
the valence band thus causes the shift in its position comparing to the other two samples with
no Cs. In addition, the spectral shape of CTO valence band is different from others. Besides
the dominant peaks contributed by O 2p, there is another small peak on top of that the
valence band maximum (VBM) (Fig. 6b).

To gain deeper understandings, band structure calculation was performed for CTO.
Valence band of CTO may be divided into three regions (Fig. 6¢). The small peaks at VBM
consist of O 2p and Te 5s orbitals. The wide region at approximately -1 to -6 eV is
predominantly O 2p with a small contribution from Te 4d orbital and the sharp peak at about
-6 to -8 eV is formed mainly by Cs 5p orbital with some contribution from Te 5p. These main
features of the valence band are qualitatively comparable to the obtain XPS spectra. It is
interesting to note that the small peak at VBM is not observed in XPS spectra of the
AAlg 33Te16706 series. However, as proposed by Li et al.® and deduced from Te3ds/2 spectra,
AAlg 33Te1 6706 samples should contain only about 3% of Te*" which is very little comparing
to 25% in CTO. Besides, it is difficult to compare the spectra of these two series as they have

a different structure which leads to the different position of Te 5s.
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Fig. 6 XPS valence band spectra of CsTe20¢ and AAlo.33Te1.6706 (A = Cs, Rb, and K) (a) and
the close-up of Cs containing samples showing an additional small peak near the Fermi level

(b). (c) shows the calculated valence band of CsTe2Oe.

Electrical properties

Electronic conductivity of Csi.xAxAlo3sTe1670s, A = Rb and K decrease with
increasing A content. The effect is very significant as room temperature conductivity of
KAl 33Te1670sand RbAlo 33Tes1 6706 are 10° and 10° times lower than that of CsAlo33Te1.670e,
respectively (Fig. 7). Conductivity of all samples are plotted based on Arrhenius’ equation: ¢
= AeCE¥KD) where A is pre-exponential constant, k is Boltzmann constant, Ea is activation

energy, and T is absolute temperature as shown in Fig. 7 and the activation energy are



calculated and summarized in Table 2. It is obvious that the lower Cs content, the higher the
activation energy. Interestingly, Siritanon et. al.> previously reported that the Arrhenius plot
of Cs(M,Te)206 are not linear in temperature range 50-300 K and concluded that the samples
exhibit variable range hopping conduction as the plots of log conductivity vs. 1/TY* are
linear. Therefore, the samples have different conduction processes at different temperatures.
In fact, crossover from variable range hopping conduction to thermally activated band
conduction from low to high temperatures have been reported in many systems and believed
to also be the case here 3334
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Fig. 7 Electronic conductivity of Cs1.xAxAlo.33Te16706 (A = Rb and K) and CsTe2O¢ samples

fitted with Arrhenius equation.



Table 2: Activation energy and R? obtained from fitting the electronic conductivity of Cs;.
xAxAlo 33Te16706; A =Rb and K and CsTe,Os with Arrhenius equation.

X Ea (eV) R? X Ea (eV) R?
0 0.108 0.9854 CsTe20s 1.15 0.9987
Rb-doped K-doped

0.2 0.113 0.9985 0.2 0.151 0.9914
0.4 0.174 0.9921 0.4 0.180 0.9856
0.6 0.183 0.9972 0.6 0.186 0.9855
0.8 0.194 0.9919 0.8 0.247 0.9934
1.0 0.224 0.9870 1.0 0.364 0.9888

Optical property

The UV-Vis absorption spectra of CTO and AAlo33Te1670s, A= Cs, Rb, and K is
shown in Fig. 8a and the band gap energy obtained from the extrapolations (Fig. 8b) are
summarized in Fig. 9. Although most oxides containing Cs and Te have large band gap and
white color, the band gap of CTO is only about 1.4 eV and the compound is dark brown. The
unusually small band gap is a result of Te*', Te®" intervalence charge transfer (IVCT) which
gives rise to the absorption in a visible region corresponding to the transition from Te*" 5s? to
Teb" 552, Although there are very few reports on Te**/Te®* charge transfer, similar mechanism
is widely studied in other mixed valence systems including those with post transition cations
like Sb, Sn, T1.3536

UV-Vis spectra of AAlo33Te16706 Series are obviously different from that of CTO
although the compounds also containTe*"/Te®" mixed valency. However, Te* and Te®" in
CTO are in different crystallographic sites while those in AAlo33Te16706 are in the same one.
As hmax Of absorption should be directly related to the energy difference between Te** 5s? and
Teb" 550, the more similarity of the environment around Te*" and Te®" in AAlossTe1 6706
results in absorptions at a longer wavelength. Therefore, it is concluded here that the very



broad and strong absorption centering at long wavelengths is associated with IVCT of Te**
and Te®". Mizoguchi et al.* also reported similar diffuse reflectance spectra of BaSn1.xSbxOs3

which contain mixed valence ions and show a very broad absorption band due to IVCT.
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Fig. 8: UV-Vis spectra (a) and extrapolation of the band gap energy (b) of CsTe.Os and
AAlo33Te16706 (A = Cs, Rb, and K)

Discussions

It has been established that CsAlo 33Te1.670s shows relatively high conductivity.® Li et.
al.® concluded that the conductivity comes from small deviations from stoichiometry which
results in small amount of Te*" producing mixed valence compounds. The n-type behavior in
these series of compounds is explained by the presence of donor defect levels originating
from Te**. In general, type of M cations in Cs(M,Te).Os affects the conductivity of the
compounds as small M cation reduces M/Te-O distance thus destabilizes Te*" in the structure
increasing their energy level. In addition, some M cations could provide orbitals with
appropriate energy to overlap with Te 5s which increase the conductivity.

When Cs is replaced by Rb and K in Cs1xAxAlo.33Te1670s, the difference in
conductivity is very pronounced although the same Al is present. Additionally, samples
containing Rb and K have much less conductivity despite the smaller cell parameters. XPS
results obtained in this work do not indicate any difference in the number of Te*", hence the
number of defect levels, in all samples. In addition, we have also prepared and measured
conductivity of CsAlxTe2.xOs and RbAIxTe2.xOs with different x values. As shown in Fig. S1,

the conductivity of both series exhibit similar Al content dependency which is also in



agreement with the previous work.® It is, therefore, reasonable to conclude that the type and
the amount of defect, e.g. Te*", are similar in all samples. If the number of Te*" is similar,
then the difference in conductivity must be related toTe*" energy level relative to the
conduction band.

Based on the band gap energy obtained from UV-Vis results and the VBM position
obtained from XPS valence band spectra, we propose schematic band structure diagram of
the samples as depicted in Fig. 9. From the figure, the difference between Fermi energy level
and the bottom of the conduction band (Eq) is obtained. Generally, the band diagrams of these
four samples represent their semiconducting behavior. However, the activation energies of
conduction indicate that their behavior are different. The activation energy of conduction of
CTO (1.15eV) (Fig.7) is in the same order with its band gap energy suggesting the intrinsic
semiconducting behavior. The conductivity of this sample is small because large energy is
required to activate electrons across the band gap. It is noteworthy that Eq and the activation
energy of conduction in CTO are significantly different which indicates that there is no defect
level at the Fermi energy level (Er). On the other hand, the activation energies of
AAlg33Te16706 are close to Eq and much smaller than their band gap energy which suggests
the presence of defect levels close to the conduction band within the band gap. The presence
of such defect levels is a characteristic of n-type semiconductors which agrees well with the
negative Seebeck coefficients.’ Eq in these three samples indicate the position of defect levels
relative to conduction band minimum (CBM) which determines conductivity of the samples.

Replacing Cs with Rb and K have two effects on the band diagram; lowering the
VBM and increasing the band gap energy. It should be noted that lowering VBM in these
cases is not the only cause of increasing the band gap. Without the presence of Cs, VBM of
both RATO and KATO is about 0.3 eV lower in energy. However, the band gap differences
between the samples are 0.5-0.6 eV. As the conduction band should be mainly Te 5s with
some contribution from Al and O, Te/Al-O bond distance and Te/Al-O-Te/Al bond angle
must play important roles in determining the CBM. Additional detail studies are required to
further explain this matter. Nevertheless, the combination of VBM lowering and band gap
energy increasing when Cs is replaced with Rb and K result in larger Eq and consequently

lower conductivity.
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The preparation and electronic properties of Csi_xAxAlp33Te16706 (A = K, Rb, and Cs) are reported.
Replacing Cs with smaller Rb and K reduces cell parameters of the compounds but does not affect the
overall structure. Electronic conductivities of all samples were measured and explained based on the
band conduction model. Although XPS Te3ds; spectra indicate that all samples contain similar amount
of Te**/Te®" mixed valency, their conductivities are varied from about 0.1 S cm in CsAlg33Teq 6706 to
3 x 107> S cm in RbAlg33Te16706 and 3 x 1077 S cm in KAlg33Te16706 at 300 K. To explain such large
differences, the band structure diagrams are proposed based on the UV—Vis spectra and XPS spectra at
valence band region. When the obtained activation energies of conduction and the proposed band di-
agram are considered, it is concluded that AAlp33Te16706 (A = K, Rb, and Cs) are n-type semiconductors.
The defect levels in these samples originate from Te** whose energy level relative to the conduction
band minimum is different from samples to samples. Such differences are affected by Cs content in the
structure as Cs seems to lower the band gap energy and increase the valence band maximum. It is the
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X-ray photoelectron spectroscopy

position of these defect levels that determines the electronic conductivity of the compounds.

© 2017 Elsevier B.V. All rights reserved.

1. Introduction

Post transition elements form oxides with interesting structures
and properties. Several oxides containing heavy post-transition
elements are known to have good electronic conductivity due to
the presence of diffused s orbitals which results in wide conduction
bands and low carrier mobility [1]. Some well-known examples
include In;03, ZnSn03, and InsSn301; [2-4]. However, conducting
tellurium oxides are very rare. To our knowledge, the only clear
examples are series of defect pyrochlores with general formula
Cs(M,Te),06; M = 2+, 3+ and 4+ cations which show n-type
semiconducting behavior due to Te**/Te®* mixed valency [5].

* Corresponding author. School of Chemistry, Institute of Science, Suranaree
University of Technology, Nakhon Ratchasima, 30000, Thailand.
E-mail address: theeranun@sut.ac.th (T. Siritanon).

http://dx.doi.org/10.1016/j.jallcom.2017.05.025
0925-8388/© 2017 Elsevier B.V. All rights reserved.

It has been established that M cations in the mentioned formula
play some roles in determining the electronic conductivities of the
compounds. Smaller M cations reduce the cell parameter which
compresses Te** in the structure and consequently destabilizes it.
In addition, suitable M cations could provide orbitals with appro-
priate energy to overlap with Te 5s which could give rise to samples
with higher conductivity. Only one compound in the series,
Cs(Al,Te);0¢, was extensively investigated through detailed struc-
tural studies where it was concluded that Te**/Te®* mixed valency
in the compounds is a result of small deviations from stoichiometry
[6]. However, the role of Cs in the structure remains unclear. Thus,
the objectives of this work are to deepen the understanding of
these series of oxides and to study the effects of cations at Cs po-
sition on the electronic properties of compounds in Csi_xAx-
Alg33Te16706; A = Rb and K series.
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Fig. 1. XRD patterns of Cs;_yxRbyAlg33Te; 6706 and Csy_xK¢Alp33Teq6706.

2. Experimental section

All samples were prepared by solid state reaction. The reactants
were CsNOs (Sigma-Aldrich, 99+%), RbNOs (Acros organic, 99.8%),
Al»03 (Acros organic, 99+ %, for Rb-doped series), Al(OH)3 (Acros
organic, 99.9%, for K-doped series) and TeO, (Acros organic, 99+%).
Stoichiometric mixtures of the reactants were weighed and ground
in an agate mortar and heated to 500 °C for 5 h. After that, the
samples were reground and sintered at 625 °C for 12 h in air.
Powder X-ray diffraction (XRD) patterns were recorded by a Bruker
D2 Phaser diffractometer (Cu Ke. radiation, A = 1.5406 A) for phase
identification. The X-ray Photoelectron Spectra (XPS) of Cs 3d, Rb
3d, K2p, Al 1s, O 1s, Te 3ds; and valence band (VB) were recorded
by a PHI5000 VersaProbe II XPS instruments (ULVAC-PHI, Japan)
(Monochromatic X-ray of Al K,,1486.6 eV) at SUT-NANOTEC-SLRI
joint research facility, Synchrotron Light Research Institute (SLRI),
Thailand. The binding energies drift due to charging effects were
corrected using the position of the Cl1s as a reference at 284.8 eV
[7,8]. Agilent UV—Vis—NIR spectrophotometer modeled Carry 5000
was used for optical diffuse reflectance spectroscopy (DRS). The
diffuse reflectance (%R) spectra were recorded in the wavelength
range of 200—2000 nm with the double beam mode. Band gap
energy was obtained by extrapolation of the plot of (Khv)ll 2 versus
photon energy (#v), where K is reflectance transformed according
to Kubelka—Munk function [K = (1 — R)%/2(R)]. In this function,
R = (%Rsample/%Rstandard) [9,10]. The electrical conductivities of all
sintered samples were measured from 300 to 673 K by four-probe
method using a Keysight B2901A source/measure unit.

3. Calculations

The density of states (DOS) were calculated based on density
functional theory (DFT) using the Vienna ab initio simulation
package (VASP) [11,12] employing the Perdew, Burke, Ernzerhof
(PBE) exchange-correlation function [13] implemented with the
projector augmented-wave method (PAW) [14,15]. I'-centered

3 x 3 x 2 Monkhorst-Pack k-mesh was used for the Brillouin zone
integrations. The cutoff energy for plane-wave basis sets was set at
520 eV. Structural relaxation was performed until the force on each
ion is less than 0.01 eV/A.

4. Results and discussions
4.1. Structure

Powder X-ray diffraction patterns indicate that all samples are
single phase (Fig. 1). All diffractions can be indexed as AB,Og defect
cubic pyrochlore structure (B-pyrochlore) with Fd3 m space group
[16]. The defect pyrochlore structure can be explained based on the
interpenetrating network of (Al,Te),0g corner sharing octahedral
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Fig. 2. Plots of cell parameters versus Rb and K content.
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Fig. 3. XPS survey spectra of CsAlg33Te1 706, RbAlg33Te 6706, and KAlg 33Teq6706.

units with A cations (Cs, Rb, and K) occupying the interstitial sites.
Comparing to A;B,07 pyrochlore, defect pyrochlore structure has
lots of vacancies. In addition, there are few possible crystallo-
graphic sites for A cations. The XRD patterns in this work suggest no
indication of them being at positions other than the normal 8b but
small deviation from this ideal position, like the 32e position, is

possible.

Intensity (a.u.)

It is worth to note that the displacive disorder of A cation from
8b to 32e position results in a nonlinear increase of cell parameters
in AAlp33W16706; A = Cs, Rb, and K [17]. However, such anomaly is
not observed in this work although the samples are quite similar.
Plots of calculated cell parameters versus substituting contents are
linear in both series (Fig. 2). As both K* (1.51 A) and Rb* (1.61 A) are
smaller than Cs™ (1.74 A), increasing their contents results in
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Fig. 4. Cs 3d, Rb 3d, K 2p and Al 1s XPS spectra of Cs;_yxRbyxAlg33Te; 6706 and Csy_xKxAlg 33Te;6706.
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Fig. 5. XPS Te 3ds, spectra of the samples.

smaller cell parameters as expected [18,19]. However, the main
network of the structure is the B,Og octahedral network, changing
A cations has a much smaller effect on the cell parameters
comparing to changing the B cations. Similar results were reported
by Castro and Rasines [20].

4.2. XPS results

XPS survey spectra of CsAlg33Te15706 (CATO), RbAlg33Te16706
(RATO), and KAlp33Te14706 (KATO) show the corresponding
elemental compositions in each compound (Fig. 3). Cs 3d, Rb 3d and
K 2p XPS spectra in Fig. 4 give semi-quantitative results on the
composition of the prepared samples. The obtained binding en-
ergies are close to those reported in the literature [21-24]. Peak

Table 1
Te 3ds); fitting results.

Comp. (X) TeS* Te** Ratio of TeS*+: R?
4+
B.E. (eV) FWHM (eV) BE. (eV) FWHM (eV) ¢ (1.67)
0 576.03 1.70 57412 1.62 1.62:0.05 0.9983
Rb-doped
0.2 576.25 1.72 57419 1.68 1.61:0.06 0.9991
0.4 576.27 1.79 57422 1.78 1.62:0.05 0.9987
0.6 576.28 2.00 57425 1.86 1.62:0.05 0.9994
0.8 57636 1.90 57428 1.68 1.60:0.07 0.9992
1.0 57640 1.85 57428 1.80 1.60:0.07 0.9995
K-doped
0.2 576.28 1.89 57429 1.68 1.61:0.06 0.9993
0.4 57632 1.79 57433 1.72 1.60:0.07 0.9995
0.6 57632 1.84 57434 1.61 1.60:0.07 0.9982
0.8 576.35 2.02 57443 1.99 1.60:0.07 0.9987
1.0 57642 197 57446 1.87 1.61:0.06 0.9992
CSTezos
_ 577.07 1.72 575.50 2.00 1.66:0.44 0.9981
(Te6+1.5:
Te4+0.5)

areas of each element in the samples are proportional to the
nominal composition.

XPS spectra of Te 3ds), were also examined to probe oxidation
states of Te in the samples. As seen in Fig. 5, all spectra show small
asymmetry with a tail on the lower energy region. These spectra
were fitted using two Gaussian-Lorentzian peaks; one represents
Te** at lower binding energy and the other represents Te®*. For
comparison, Te3ds, spectra of CsTeOg (CTO), a known compound
which contains both Te**and Te®*, are also shown and fitted with
the same method here. The binding energy and peak area of each
peak are summarized in Table 1. It is interesting to note that while
the binding energies of the observed Te®* are close to the reported
values, those of Te** in Cs_xAxAlg33Te16706 (A = K, Rb, and Cs) are
slightly smaller than most reported values for Te** [25,26]. On the
other hand, the obtained values are too high to be assigned to Te(0)
or Te?~ states [27]. As chemical environments affect the binding
energy, the binding energy of Te** in these samples which is in the
unique compressed octahedra is expected to be different from that
of Te** in TeO, standard. In fact, our values are close to that re-
ported in Gdy(Ti>_yTey)O7 pyrochlores [28].

It is difficult to quantitatively conclude the amount of Te** in the
samples based solely on the peak areas. Nevertheless, the existence
of Te**is obvious and its amount in the cubic pyrochlore samples is
very low. The presence of small amount of Te** is a result of small
deviation in stoichiometry as reported by Li et al. [6] who
concluded that the composition of the prepared CsAlg33Te16706
was actually CsAlg 30Te17006. A small amount of Te®™ must then be
reduced to Te** to maintain charge neutrality. Te 3ds)2 XPS results
reported here reveal the existence of Te** in all samples with
similar peak areas suggesting that the Rb and K substituted samples
contain similar defects with a similar amount.

XPS spectra at valence band region (Fig. 6a) give useful infor-
mation regarding the electronic structure of the samples. Like most
oxides, the top of the valence band is predominantly O 2p. The
outstanding feature of the spectra is the position of alkali p orbitals
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which is at about 10, 13, and 17 eV for Cs 5p, Rb 4p, and K 3p,
respectively. The positions of these states are similar to values in
other reports [24,29,30]. Rb 4p and K 3p bands are quite separated
from O 2p near the top of the valence band and should not have
much contribution in it. Thus, the spectral feature and position of
the valence band in Rb and K containing samples are very similar.
This also implies that any effects from the difference in bond dis-
tances and angles are insignificant. Two samples containing Cs have
similar spectra although there are some differences as both sam-
ples contain quite a different composition and have related, but
different, crystal structure. As Cs 5p bands are clearly overlapping
with O2p, Cs is believed to contribute to the valence band. The
overlapping between Cs 5p and O 2p in the valence band is
observed in many oxides [31,32]. The contribution from Cs 5p
broadens the valence band thus causes the shift in its position
comparing to the other two samples with no Cs. In addition, the

spectral shape of CTO valence band is different from others. Besides
the dominant peaks contributed by O 2p, there is another small
peak on top of the valence band maximum (VBM) (Fig. 6b).

To gain deeper understandings, band structure calculation was
performed for CTO. The valence band of CTO may be divided into
three regions (Fig. 6¢). The small peaks at VBM consist of O 2p and
Te 5s orbitals. The wide region at approximately —1 to —6 eV is
predominantly O 2p with a small contribution from Te 4d orbital
and the sharp peak at about —6 to —8 eV is formed mainly by Cs 5p
orbital with some contribution from Te 5p. These main features of
the valence band are qualitatively comparable to the obtained XPS
spectra. It is interesting to note that the small peak at VBM is not
observed in XPS spectra of the AAlg33Te; 5706 series. However, as
proposed by Li et al. [6] and deduced from Te 3ds;; spectra,
AAlg 33Teq 6706 samples should contain only about 3% of Te** which
is very little comparing to 25% in CTO. Besides, it is difficult to
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Table 2
Activation energy and R? obtained from fitting the electronic conductivities of
Csy_xAxAlg33Te16706; A = Rb and K and CsTe,0¢ with Arrhenius equation.

X E. (eV) R? X E, (eV) R?

0 0.108 0.9854 CsTe,0¢ 1.15 0.9987
Rb-doped K-doped

0.2 0.113 0.9985 0.2 0.151 0.9914
0.4 0.174 0.9921 0.4 0.180 0.9856
0.6 0.183 0.9972 0.6 0.186 0.9855
0.8 0.194 0.9919 0.8 0.247 0.9934
1.0 0.224 0.9870 1.0 0.364 0.9888

compare the spectra of these two series as they have a different
structure which leads to the different position of Te 5s.

4.3. Electrical properties

Electronic conductivities of Cs1_xAxAlg 33Te16706, A = Rb and K
decrease with increasing A content. The effect is very significant as
room temperature conductivity of KAlp33Te1670¢ and RbAlg33.
Te1670¢ are 103 and 10° times lower than that of CsAlg33Te1670s,
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respectively (Fig. 7). The conductivities of all samples are plotted
based on Arrhenius' equation: ¢ = Ael"FXD) where A is pre-
exponential constant, k is Boltzmann constant, Ea is activation
energy, and T is absolute temperature (Fig. 7) and the activation
energies are calculated and summarized in Table 2. It is obvious that
the lower Cs content, the higher the activation energy. Interest-
ingly, Siritanon et al. [5] previously reported that the Arrhenius plot
of Cs(M,Te),0g are not linear in the temperature range 50—300 K
and concluded that the samples exhibit variable range hopping
conduction as the plots of log conductivity vs. 1 /T”4 are linear.
Therefore, the samples have different conduction mechanisms at
different temperatures. In fact, crossover from variable range hop-
ping conduction to thermally activated band conduction from low
to high temperatures have been reported in many systems and
believed to also be the case here [33,34].

4.4. Optical property

The UV—Vis absorption spectra of CsTe;0g and AAlg33Te16706,
A = Cs, Rb, and K are shown in Fig. 8a and the band gap energies
obtained from the extrapolations (Fig. 8b) are summarized in Fig. 9.
Although most oxides containing Cs and Te have large band gap and
white color, the band gap of CsTe;Og is only about 1.4 eV and the
compound is dark brown. The unusually small band gap is a result
of Te**, Te* intervalence charge transfer (IVCT) which gives rise to
the absorption in a visible region corresponding to the transition
from Te** 5s? to Te®* 5s°. Although there are very few reports on
Te**|Teb* charge transfer, a similar mechanism is widely studied in
other mixed valence systems including those with post-transition
cations like Sb, Sn, Tl [35,36].

UV—Vis spectra of AAlg33Te1 5706 series are obviously different
from that of CsTe,0g although the compounds also contain Te**/
Te®" mixed valency. However, Te** and Te®* in CsTe,Og are in
different crystallographic sites while those in AAlg33Te1 5706 are in
the same one. As Apax Of absorption should be directly related to the
energy difference between Te*" 5s2 and Te®* 550, the similar
environment around Te*™ and Te®t in AAly33Te1706 results in
absorptions at longer wavelengths. Therefore, it is concluded here
that the very broad and strong absorption centering at long
wavelengths is associated with IVCT of Te** and Te®*. Mizoguchi
et al. [35] also reported similar diffuse reflectance spectra of
BaSnj_xSbyx0O3 which contain mixed valence ions and show a very
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Fig. 9. Schematic band structures of CsTe;0g and AAlg33Te;6706 (A = Cs, Rb, and K).

broad absorption band due to IVCT.
5. Discussion

It has been established that CsAly33Te15706 shows relatively
high conductivity [5]. Li et al. [6] concluded that the conductivity
comes from small deviations from stoichiometry which results in
small amount of Te** producing mixed valence compounds. The n-
type behavior in these series of compounds is explained by the
presence of donor defect levels originating from Te**. In general,
type of M cations in Cs(M,Te),0¢ affects the conductivities of the
compounds as small M cation reduces M/Te-O distance thus de-
stabilizes Te** in the structure increasing their energy level. In
addition, some M cations could provide orbitals with appropriate
energy to overlap with Te 5s which increase the conductivity.

When Cs is replaced by Rb and K in Cs1_xAxAlp33Te16706, the
difference in conductivity is very pronounced although the same Al
is present. Additionally, samples containing Rb and K have much
lower conductivities despite the smaller cell parameters. XPS re-
sults obtained in this work do not indicate any difference in the
number of Te**, hence the number of defect levels, in all samples. In
addition, we have also prepared and measured the conductivities of
CsAlxTe;_xOg and RbAlsTe; 4Og with different x values. As shown
in Fig. S1 (Supporting Information), the conductivities of both series
exhibit similar Al content dependency which is also in agreement
with the previous work [6]. It is, therefore, reasonable to conclude
that the type and the amount of defect, e.g. Te**, are similar in all
samples. If the number of Te** is similar, then the difference in
conductivities must be related toTe** energy level relative to the
conduction band.

Based on the band gap energy obtained from UV—Vis results and
the VBM position obtained from XPS valence band spectra, we

propose schematic band structure diagrams of the samples as
depicted in Fig. 9. From the figure, the difference between Fermi
energy level and the bottom of the conduction band (Eq) is ob-
tained. Generally, the band diagrams of these four samples repre-
sent their semiconducting behavior. However, the activation
energies of conduction indicate that their behaviors are different.
The activation energy of conduction of CsTe;Og (1.15 eV, Fig. 7) is in
the same order with its band gap energy suggesting the intrinsic
semiconducting behavior. The conductivity of this sample is small
because large energy is required to activate electrons across the
band gap. It is noteworthy that Eq and the activation energy of
conduction in CsTe;Og are significantly different which indicates
that there is no defect level at the Fermi energy level (E). On the
other hand, the activation energies of AAlg 33Te1670¢ are close to Eq
and much smaller than their band gap energy which suggests the
presence of defect levels close to the conduction band within the
band gap. The presence of such defect levels is a characteristic of n-
type semiconductors which agrees well with the negative Seebeck
coefficients [5]. Eq in these three samples indicate the position of
defect levels relative to conduction band minimum (CBM) which
determines conductivities of the samples.

Replacing Cs with Rb and K have two effects on the band dia-
gram; lowering the VBM and increasing the band gap energy. It
should be noted that lowering VBM in these cases is not the only
cause of increasing the band gap. Without the presence of Cs, VBM
of both RbAlg 33Te1670¢ and KAlg 33Te1670g are about 0.3 eV lower
in energy. However, the band gap differences between the samples
are 0.5—0.6 eV. As the conduction band should be mainly Te 5s with
some contribution from Al and O, Te/Al-O bond distance and Te/Al-
O-Te/Al bond angle must play important roles in determining the
CBM. Additional detail studies are required to further explain this
matter. Nevertheless, the combination of VBM lowering and the
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increase in band gap energy when Cs is replaced with Rb and K
result in larger E4 and consequently lower conductivity.

6. Conclusions

Series of AAlp33Te16706 (A = Cs, Rb, and K) with pyrochlore
structure have been prepared by solid state reaction and their
electronic properties have been characterized. Electrical conduc-
tivities of the compounds arise from small deviation from stoichi-
ometry which results in Te**/Te®* mixed valency as evidenced in
XPS results. Although containing similar Te**/Te®* mixed valency,
the samples with Rb and K are significantly less conductive. Based
on the obtained XPS at valence band region, optical band gap en-
ergy, and activation energy of conduction; the band diagrams are
proposed and used to explain the large difference in electrical
conductivities. The band diagrams indicate that the samples are n-
type semiconductor. The energy difference between CBM and
donor states which determines the conductivity is affected by A
cations. Replacing Cs with Rb and K increases this energy difference
which consequently results in the lower electrical conductivity.
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