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Features of hole transport and density of localized states in CuCr-xMgxO: and
CuCriy Mgy02/(MgCr204)x.y polycrystalline ceramics

Magnesium doped polycrystalline ceramic samples of cooper chromite (I) with 0.6-4.0 at % Mg content have
been synthesized. Phase composition of ceramics has been investigated by X-ray diffraction. Temperature
dependencies of electrical resistivity and Seebeck coefficient have been measured by four probe method and
analyzed in frame of variable range hopping conductivity. The density of localized electronic states and
characteristic energy of its variation near Fermi energy have been estimated. It was obtained that the density
of localized states at Fermi energy increases with an increase of Mg content, while characteristic energy of
variation of localized state density near Fermi energy decreases. Obtained results show that relatively large
values of Seebeck coefficient in Mg doped copper chromite (I) can be understood within variable range
hopping transport of holes with rapidly increasing density toward valence band maximum.
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Introduction

Copper chromite is a p-type semiconductor partially transparent for the visible light [1]. It makes it
promising material for transparent electrodes in optoelectronic devices [2-3]. One of the key issues is its
relatively large resistivity compared to the best known n-type transparent semiconductors as zinc oxide or
indium-tin oxide [3-4]. The resistivity of copper chromite (I) can be reduced by several orders of magnitude
by doping with group II elements particularly with Mg [5-8]. The mechanism of the hole transport in pure
and Mg doped copper chromite remains the subject of research now. Most often copper chromite (I) is
synthesized in the form of polyctrystalline ceramic or thin films. Polycrystalline ceramic of magnesium
doped copper chromite (I) is usually obtained by heating of the mixture of copper, chromium and magnesium
oxides in oxygen poor atmosphere during few tens of hours [6-8]. Such material exhibits up to several
hundred microvolts per kelvin Seebeck coefficient together with relatively large electrical conductivity at
room temperature [6-7]. Therefore temperature dependencies of resistivity and Seebeck coefficient and their
analysis in frame.of different models have been reported in several publications [6-8]. Hole transport in
polycrystalline ceramic of magnesium doped copper chromite (I) is affected by point defects such as oxygen
vacancies, dopant. atoms, microstructure and morphology of the material, as well as the presence of
additional phases in doped material. The question whether the band or hopping transport of holes dominates
in copper chromite (I) remains the subject discussions until now.

In the present work we report the results of the measurements and analysis of the temperature
dependencies of electrical resistivity and Seebeck coefficient of polycrystalline copper chromite doped with
magnesium using the procedure of chemical homogenization. Magnesium content was taken below and
above solubility limit. Measured temperature dependencies have been analyzed in frame variable range
hopping transport approach.

Experimental

Polycrystalline Mg doped copper cromite samples were synthesized by solid phase method from a
mixture of CuO, Cr0O; and MgO. This mixture was obtained by thermolysis of nitrates in liquid phase
solution in NH4NOs. Reaction and details of nitrate thermolysis were presented in [9]. According to X-ray
diffraction data obtained mixtures were amorphous. The mixtures were annealed at 500-600 °C to dissolve
the rest of nitrates. Small traces of CuO were detected by X-ray diffraction after this annealing. Then
mixtures were pressed in tablets and annealed 24 hours at 1080 °C in argon flow for final formation of Mg
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doped copper chromite (I) ceramic material and cooled to room temperature. Composition and density of
obtained samples are shown in Table.

Table

Mg content, density p, an estimated density of hole states at Fermi energy gs, and characteristic energy of its
variation JoFE.

Sample number Mg content, at. % p, g/em? g0, 1026 eVim? OF, eV
1 0.6 2,85 1.2 0,27
2 1,3 3,60 11 0,13
3 4 3,84 212 0,04

Typical XRD pattern of synthesized ceramics are shown in Figure 1. Only delafossite phase was
detected in the samples with Mg content up to 1,3 at. %. For 4 at. % Mg content small fraction of spinel
phase of MgCr,O4 was detected. This is consistent with the data of Mg solubility in copper chromite (I)
reported earlier [7-10].
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Figure 1 XRD pattern of the ceramics with different Mg content: 1 — 1,3 at %; 2 — 4 at. %

The dependence of lattice parameters on Mg content confirms incorporation of Mg in the delafossite
crystalline lattice. No significant dependence of lattice parameters on the duration of synthesis was observed.
Density of all samples increases with an increase of Mg content and duration of annealing.

Microstructure of synthesized samples was studied by electron microscopy and reported in previous
publication [11]. The larger is the Mg content the better connected look crystallites. Fraction of empty space
decreases with an increase of Mg content in accordance with observed increase of density. For the samples
with 4-at % Mg formation of micrometer size MgCr2Os crystallites is seen in SEM images.

For the measurement of electrical resistivity and Seebeck coefficient samples with rectangular shape
and typical dimensions 2x2x5 mm were prepared. Electrical resistivity was measured by 4-probe method at
constant current. For the measurement of Seebeck coefficient one end sample was connected to heat drain.
Another end of the sample was connected to the heater. The temperature difference between potential
contacts at the sample was measured by thermocouple. The voltage between these potential contacts was
measured by digital multimeter for several values of temperature difference controlled by the power of the
heater. Then the dependence of the voltage on the temperature difference was approximated by linear
function and the value of Seebeck coefficient was obtained from the slope of the dependence.

Results and discussion

Temperature dependencies of Seebeck coefficient are shown in Figure 2. For all investigated materials
Seebeck coefficient increases when temperature rises. Seebeck coefficient decreases with an increase of Mg
content.

Cepus «dusnkar». Ne 3(111)/2023 35



V.G. Kytin, E.E. Kupriyanov et al

600 600
a) b)
500} . 500}
1 o’ 400
400} = y
< . S
S 300} N o | 300
= ot 2 ° v
4 200} et q00®"® 200
* e 3
100} L 100
0050 100 150 200 250 3¢ % 2 4 6 8 10 12 14.16 18 2
0 50 100 150 200 250 300 350 0 6 8 10 6 18 20
T,K T2, K12

Figure 2 Temperature dependencies of Seebeck coefficient: a) S(T), b) S(T"?) for samples with different Mg content: 1
— 0.6 at. %; 2 — 1.3 at. %; 3 — 4 at. %. Points are experimental data. Solid lines are approximation by proportional
dependence for 4 lowest temperature points.

Temperature dependencies of resistivity are plotted in Figure 3. For all samples resistivity increases
with lowering of temperature. Resistivity decreases by several orders of magnitude with increase of the
magnesium content from 0,6 at % to 4 at %.
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Figure 3. Temperature dependencies of resistivity: a) p(T) and b) In(p(T-""#)) for samples with different Mg content: 1
— 0.6 at. %; 2 — 1.3 at: %; 3 — 4 at. %. Points are experimental data. Solid lines are approximation by linear
dependence in the temperature range of 4 lowest temperature points in the temperature dependence of Seebeck

coefficient.

At temperatures below 180-300 K temperature dependencies of resistivity can be approximated by
Motts law for variable range hopping conductivity [12]:

. T, 1/4 1
P = PoSXP | (1

2

where Ty is determined by the density of localized states at Fermi energy go and localization length a:

21
T, = T
kyg,a

2
where kg is the Boltzmann constant.

We use the following expression derived for variable range hopping transport to fit temperature
dependence of Seebeck coefficient [13]:

36 BecTHuK KaparaHguHckoro yHuBepcuTeTa



Features of hole transport and density...

2 1/2
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e

where
-1
oE =| —= is the characteristic energy of the variation of the density of states, g is the density of
E=F
localized states, F is the Fermi energy, e is the elementary charge. Temperature dependencies of Seebeck
coefficient were fitted by expression (3) in the temperature range within 4 lowest temperature points.
Temperature dependencies of resistivity were fitted by expression (1) in the same temperature range for each
sample. The characteristic energy of the variation of the density of states near Fermi energy was estimated
from the slopes of fitting lines. Obtained estimates are listed in Table.
To get an estimate of the density of localized states at Fermi energy we estimated localization length
using expression for localization length and ionization energy E. of shallow acceptors:
me' (47e, e )0’
E a 2227 a= 2 (4)
2(471'808) h me
where m is an effective mass of holes, g is the electric constant, € is the dielectric constant, h is the Planck
constant. We assumed that earlier observed activation energy of conductivity of undoped copper chromite (I)
equal to 0,28 eV is the energy of ionization localized acceptor state [9]. An estimate of localization length
was calculated using expression:

b

2
e

“ (471'808)Ea )

o . . 1/3 ) _
as an estimation for the dielectric constant we took ¢ = (sis,) , where g, and ¢ are dielectric constants for

in-plane and along c-axis polarization [14]. Obtained estimation value for a was equal to 0,29 nm. Obtained
results point to a strong localization of holes. Estimated value of localization length is rather small and in
general expressions (4) cannot be used for accurate calculation. The estimated density of states at Fermi
energy calculated for this value of localization length is listed in Table.

As can be seen from table one density of states at Fermi energy increases by more than 2 orders of
magnitude with an increase of Mg content from 0,6 at.% to 4 at. % and by more than 1 order of magnitude
with an increase of Mg content from 1,3 at.% to 4 at. %. This fact points to an effective doping of copper
chromite by Mg in the range of Mg content close to the solubility limit. The characteristic energy of the
variation of the density of states decreases from 0,27 eV to 0,04 eV with an increase of Mg content from
0,6 at. % to 4 at. %. This variation of the density of states at Fermi energy and its derivative can take place
because of the creation of localized acceptor states in the bandgap due to substitution of Cr by Mg and shift
of the Fermi energy towards the valence band. The reduction of the characteristic energy of the variation of
the density of states near Fermi energy with an enhancement of Mg content could point to the significant
contribution of magnetic frustration to the energy fluctuations of localized electronic states. Substitution of
Cr by Mg suppresses. these frustrations [8, 10]. This suppression could make energy distribution of localized
states narrower.

Conclusions

Temperature dependencies of electrical resistivity and Seebeck coefficient were measured in Mg doped
polycrystalline copper chromite (I) and analyzed in frame of variable range hopping of holes. The estimated
density of localized states and the characteristic energy of variation of the density of states near Fermi energy
were calculated. Calculated density of states at Fermi energy increases more than 2 orders of magnitude
while the characteristic energy of variation of the density of states near Fermi energy decreases several times
with and enhancement of Mg content from 0,6 at % to 4 at. %. The obtained results can be explained by
creation of localized acceptor states in the band gap and suppression of magnetic frustration due to
substitution of Cr by Mg in the crystalline lattice.
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CuCr1xMgx0: kane CuCriyMgyO2/(MgCr204)x-y NOTUKPUCTAIIBI
KepaMHKAaJAarbl KeMTIKTePAiH TAChIMAJIAAHYIAPbIHBIH KJHE
JIOKATU3AUMSAJIAHFAH KYWIEPAIH THIFbI3AbIKTAPbIHBIH epeKIIeTiKTepi

IMomukpucranaslk kepamukanslk Mg memmepi 0,6-4,0 at. % TeH Kocnananrad Meic (I) XxpomuTiHiH yirinepi
cuHTe3en . KepamukaHbH (aszanblk Kypambl peHTreHIIK (a3ajiblK Tajgay apKbUIbl 3epTTelai. DIEKTp
KezlepriciniH xaHe 3eebex Kod(h(UIUESHTIHIH TeMIepaTypara ToyeJAUTIKTepl TOPT 30HATHI dMIICIICH OJIIIeH 1
JKOHE ayBICTIaNbl CeKipy ©TKI3TIIITIri TYPFBICHIHAH TaldaHbl. JIOKaIu3anusIaHFaH JIEKTPOHIBIK KYHIepaiH
TBIFBI3/IBIFBl JKOHE OHBIH (DepMH HSHEPTUACHIHBIH JKAHBIHIAFbl ©3repyiHIH CHIATTAMAIBIK 3HEPrHsCHI
GaranmanraH. DepMu SHEPTHACHIHBIH JKaHBIHAA OPHAIACKAH JIOKATH3ALMIIAHFaH KYWISPH THIFbI3ABIFEI Mg
MeJIILEPiHIH KOFapbUIaybIMEH )KOFAPbUIAHTHIHBI, all DepMH SHEPTUACHIHBIH KaHBIH/IAFbl JTOKAIH3aLUIIAHFaH
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KYHJIepAiH THIFBI3ABIFBIHBIH ©3TEPYiHIH CHITATTAMAIBIK SHEPTHACHI TOMEHJACHTIHI aHBIKTaNAbl. AJIBIHFaH
HoTIXRenep Mg KocmananraH Meic (I) xpomurinzeri 3eebek kK03 PUIMEHTIHIH CaNbICTHIPMANbI TYPIE YIKCH
MOH/IEPIH BAJICHTTIK IHANa30HHBIH MAaKCHMyMBIHA Kapail THIFBI3IBIFEI T€3 OCETIH KEMTIKTEpPiH aybICITANbI
JTMana3oH/a CeKipil TachIMalIaHybIMEH TYCIHAIpYTe OOJaThIHBIH KOPCETE .

Kinm ce30ep: p-TUNTI XapThUIail ©TKI3TILITEP, XBUTYOTKI3TIMITIK, 3JIEKTPOTKI3TILITIK, JOKaIU3alHsIaHFaH
KYWIEPiH THIFBI3/IBIFbL.

B.I'. Kytun, E.E. Kynpusinos, A. Anpenesa, B.A. Kyns6aunuckuii, U.E. Kopcakos,
T.}YO. Kucenena, JK.T. Ucmanios

Oco0eHHOCTH TPAHCTIOPTA ABIPOK M MJIOTHOCTH JTOKAJIM30BAHHBIX COCTOSIHMII B
CuCri1xMgx0:2 u B nosmmkpucraindeckoii kepamuke CuCriyMgyO2/(MgCr04)xy

CHHTE3MPOBAHBI JISTUPOBAHHBIE MarHUEM ITOJMKPUCTAUIMYECKHE KepaMuieckue oopasubl xpomura Meau (1)
¢ comepxkanneM Mg 0,6-4,0 at. %. MeromoMm peHTreHO(ha30BOTO aHAM3a HCCICAOBaH (a30Bblii COCTaB
kepamuku. TemrepaTypHble 3aBUCHMOCTH YAEIHHOTO 3JIEKTPUYECKOTO COIMPOTHBICHHS H KodddumuenTta
3ecOexa U3MEpEHbI YeTHIPEX30HI0BBIM METOIOM M MPOAHATN3UPOBAHBI B paMKaX IepPEeMEHHOM MPBIKKOBOI
npoBouMOoCcTH. OIEHEHBI IUIOTHOCTH JIOKATN30BAHHBIX JIEKTPOHHBIX COCTOSHUM M XapaKTepHasi SJHEPTHs ee
n3MeHenuss BOnm3u suepruu @epmu. TloiaydeHO, YTO IUIOTHOCTH JIOKATH30BAHHBIX COCTOSIHHM BOJIU3H
sHeprud DepMu yBENMYMBACTCS C IOBBIIICHHEM COJepKaHHMs Mg, a XapakTepHas JHEeprusi W3MECHEHUs
IUIOTHOCTH JIOKAJTH30BAHHBIX COCTOSHHUI BOM3M 3Heprun depmu ymeHblraeTcs. [lomyueHHbIe pe3ybTaThl
MOKAa3bIBAIOT, YTO OTHOCHTENBbHO OoJjblune 3HadeHus kodd¢uumenta 3eebexka B xpomure meau (1),
JIETHPOBaHHOM Mg, MOXXHO OOBSICHHUTH NPBDKKOBBIM IEPEHOCOM [BIPOK € IIEPEMEHHBIM IHANa30HOM C
OBICTPO YBEIMYUBAIONIECHCS INIOTHOCTHIO K MAKCHMYMY BaJIEHTHOMN 30HBL

Knouesvie cnosa: NOJIYIIPOBOAHUKH P-THUIIA, TEIUIOMPOBOAHOCTB, J3JICKTPOIPOBOAHOCTL, IUJIOTHOCTH
JIOKQJIM30BAHHBIX COCTOSIHHIA.

Cepus «dusnkar». Ne 3(111)/2023 39





