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Features of hole transport and density of localized states in CuCr1.xMgxO2 and
CuCriyMgyO2/(MgCr204)x-y polycrystalline ceramics

Magnesium doped polycrystalline ceramic samples of cooper chromite (1) 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 (1) 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 (1) can be reduced by several orders of magnitude
by doping with group Il 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 (1) is
synthesized in the form of polyctrystalline ceramic or thin films. Polycrystalline ceramic of magnesium
doped copper chromite (1) 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 (1) 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, Cr,O3 and MgO. This mixture was obtained by thermolysis of nitrates in liquid phase
solution in NH4NO3. 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 (1) 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 go, and characteristic energy of its
variation JE.
Sample number Mg content, at. % p, g/em?® go, 10?6 eV1m3 OE, 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.0, was detected. This is consistent with the data of Mg solubility in copper chromite (1)
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 MgCr,O, 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.
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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-*4)) for samples with different Mg content:
1—0.6at %;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_O 1/4
pP= poexp|:( T ] :l (1)

where Ty is determined by the density of localized states at Fermi energy go and localization length a:
21
T, = -
Kggoa

(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]:
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oE = (_QJ 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:
4 2
me 4re, e hh
E.=— s Z,a:—( 02) 4)
2(4rme,e)'n me*
where m is an effective mass of holes, ¢q is the electric constant, ¢ is the dielectric constant, 7 is the Planck
constant. We assumed that earlier observed activation energy of conductivity of undoped copper chromite (1)
equal to 0.28 eV is the energy of ionization localized acceptor state [9]. An estimate of localization length
was calculated using expression:
2
e
a=———— (%)
(4ngos)Ea

. . . . /3 . .
as an estimation for the dielectric constant we took ¢ = (a,fe, )1 , 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 (1) 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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CuCr1xMgxO2 xone CuCriyMgyO2/(MgCr204)x-y MOJIMKPHCTAIIBI
KepPaMHKAJAaFbl KEMTIKTEPAiH TachbIMAIAHYIaAPbIHBIH JKIHE
JOKATN3ANMSIAHFAH KYHJIePaiH ThIFbI3IBIKTAPLIHBIH epeKIeTiKTepi

Tommkpucranasik xepamukansik Mg memmepi 0,6-4,0 at. % Ter Kocnanmanran MeIc (I) XpoMmuTiHIH yiarinepi
cunTe3nenai. KepamukansH (asanslk Kypambl PeHTTeHIIK (a3aiblK Tangay apKbUIBl 3epTTeNi. DIEKTp
KezlepriciniH xoHe 3eebek K03 GHUIUEHTIHIH TeMIlepaTypara TOyeIAUTIKTepl TOPT 30HATHI OJIICTICH OJIIeH]I
’KOHE aybICHajbl CEKipy OTKI3TIIUTIr TYPFBICBIHAH Tanganabl. JIokamu3anusiaHFaH NEeKTPOHIBIK KYHIepain
TBIFBI3JBIFBl JKOHE OHBIH DepMM JHEpPrusCHIHBIH JKAHBIHIAFBl ©3TEePYiHIH CHUIATTaMalbIK YHEPrHsCHI
Garananran. ®epMu SHEPIHUACHIHBIH KAaHBIHIA OPHAJIACKAH JIOKANIN3ALUUsUIAaHFaH KYWIEPiH THIFbI3IBIFE Mg
MOJIIIEPiHIH JKOFapblIaybIMEeH JKOFapbLUIANTHIHBI, an DepMu SHePTUSICHIHBIH )KaHBIHAAFbI JIOKAIN3alMIIaHFaH
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KYWIEpIiH THIFBI3IABIFBIHBIH ©3TepyiHiH CHIIATTaMalbIK JHEPTUsIChl TOMEHACHTIHI aHBIKTANIbl. AJBIHFAH
HoTikenep Mg kocnananran Mbic (I) xpomurinzeri 3eebex K0P PUIMEHTIHIH CalbICTBIPMAIIBI TYPAC YIIKSH
MOHJICpiH BAJICHTTIK JWAla30HHBIH MAaKCUMyMbIHAa Kapail THIFBI3ABIFBI TE3 ©CETIH KEMTIKTEpIiH aybICHalbl
JIMaTa30Ha CEKipill TachIMallaHybIMEH TYCIHIIpyTe OONaTEIHBIH KOPCETEe .

Kinm ce30ep: p-THNITI >kapThUIal OTKI3TIIITEp, KBUIYOTKI3TIIITIK, JEKTPOTKI3TIIITIK, JOKAIH3aMMsIIaHFaH
KYWJIEPIiH THIFBI3/IBIFEL.

B.I'. Kytun, E.E. Kynpusinos, A. Anpenea, B.A. Kyns6aunnckuii, .E. Kopcakos,
T.}YO. Kucenesna, JK.T. Ucmaniio

OCO00eHHOCTH TPAHCIIOPTA ABIPOK M IUIOTHOCTH JIOKAJH30BAHHBIX COCTOSTHHI
B CUCr1xMgxO2 u B mosmmkpucraaindeckoii kepamuke CuCriyMgyO2/(MgCr204)x-y

CHHTE3UpOBaHEI JICTHPOBAHHBIC MarHieM MOJHKPUCTANINICCKUE KepaMideckne o0pasnel xpomuta meu (1)
¢ comepxxkanumeM Mg 0,6-4,0 ar. %. MetomoM peHTreHO(ha30BOTO aHAIM3a HMCCIEIOBaH (a30BBIA COCTaB
kepamuku. TemrepaTypHble 3aBHCUMOCTH YIETHHOTO 3JIEKTPHUYECKOrO COMPOTHBICHHUA M Kod(uumeHTa
3ecOexa U3MEPEHbI YeTHIPEX30HA0BBIM METOAOM U MPOAaHATH3UPOBAHBI B paMKaX MEPEMEHHOH MPBDKKOBOM
npoBoauMOCTH. OLEHEHBI IUIOTHOCTH JIOKATN30BaHHBIX IEKTPOHHBIX COCTOSHUI U XapaKTepHasi SJHepTHs ee
u3MeHeHnuss BOnm3u duepruu @epmu. IlodaydeHo, YTO IUIOTHOCTH JIOKATHM30BAHHBIX COCTOSIHUE BOIH3H
sHeprud DepMU yBEIUUUBACTCS C TMOBBINICHUEM conepxaHus Mg, a XapakTepHas SHEPrus M3MEHCHUS
TUIOTHOCTH JIOKAJIM30BAHHBIX COCTOSHHIA BONM3U 3Heprun Pepmu yMeHbInaetcs. [loaydeHHbIe pe3ysIbTaThl
MOKAa3bIBAIOT, YTO OTHOCHUTEIBHO OoJjbliMe 3Ha4YeHUs Koddduimenta 3ecOeka B xpomute meau (1),
JICTHPOBAHHOM Mg, MOXHO OOBSCHHTH MPBIKKOBBIM TEPCHOCOM IBIPOK C TMEPEMEHHBIM JIMANa30HOM C
OBICTPO YBEIMYMBAIONICHCS NIOTHOCTHIO K MAKCUMYMY BaJI€HTHO 30HBL.

Kniouesvie crosa: TOMYHNPOBOOHUKH P-THIA, TEIUIONPOBOAHOCT, 3JIEKTPOIPOBOIHOCTD, IDIOTHOCTD
JIOKaJIM30BAHHBIX COCTOSHUH.
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