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Direct currentandalternatingcurrentconductivitymeasurementshave
beenperformedon 13-Ga203singlecrystalsin thetemperaturerange300—
1250K.Up to about900K the crystalsexhibit ionic aswell aselectronic
conductivity.Above900K theconductivity is predominantlyelectronic.
From the conductivityof crystalsdopedwith the aliovalentcationsZr

4~
or Mg2~,andstructuralconsiderationsit is concludedthatgallium ion
vacanciesare themobilepointdefectsin !3-Ga

203.

THE ELECTRICAL CONDUCTIVITY of nominally Voltage—currentcharacteristicswere recordedfrom an
pure~3-Ga2O3singlecrystalshasbeeninvestigatedfrom autorangingKeithley digital electrometer(model616).
4.2 to 300 K by Lorenz,WoodsandGambino.’ They Admittanceparametersweremeasuredoverthe fre-
obtainedblue conductingcrystalsunderreducinggrowth quencyrange0.4—20kHz with a GeneralRadioim-
conditions,whereasoxidizinggrowthconditionsled to pedancebridge(1608A) with externaloscillator(G.R.
colorlessinsulatingmaterials.CojocaruandAlecu

2 re- 1210C) andan amplifier—null detector(G.R. 1232A).
portedon d.c. conductivity measurementson com-
pressedpelletsof nominallypure!3-Ga

203in vacuumbe- 2. RESULTSAND DISCUSSION
tween555 and1000K.The oxygenpressuredependence

Theelectroniccontributionto thetotalconductivityof theconductivitywasstudiedat high temperaturesby wascalculatedfrom steady-statecurrent—voltagecharac-
Cojocaru

3andby SasakiandHijikata:4 the relationbe- teristicswhich werelinearup to 350 mV. A.c. conduc-
tweenconductivity(a) andoxygenpartialpressure(Po

2) tivities showedfrequencydispersionover the frequency
wasfoundto be:

~O.25 rangeemployedup to about900K. Theabsenceof afre-
quencydependenceat highertemperatureswascon-

The conductivitymeasurementson 13-Ga203crystalspre- firmed by the observationthatexperimentaldirectcur-
sentedin this paperwere carriedoutaspartof a program rentsshowedno time-dependenceover thevoltage-range
to clarify the luminescencemechanismin thesecrystals.

5 employed.Theseresultsindicatepredominantlyelec-

tronic conductivityat T> 900K in accordancewith the

1. EXPERIMENTAL resultsof SasakiandHijikata.4 Fortemperaturesbelow
Nominallypureanddopedcrystalswere grownby 560K conductanceswere only slightly dependenton fre-

theVerneuilmethodusing~3-Ga
2O3powder(Alusuisse, quency.d.c. polarizationcurrents,however,strongly

99.99%pure) as startingmaterial.As dopantsthe alio- decayedasa function of time. Aboveabout560K a
valentcationsMg andZr wereused.Theywere intro- semicircularshapeappearedin thecomplexadmittance
ducedas the oxidesMgO andZr02, respectively.All plots: Y= G +/B. Typical admittanceplots areshown
crystalswere quenchedin air directly aftergrowth.The in Fig. 1. By extrapolatingthesecurvesto higherfre-
undopedcrystalswere colorlessor light blue.All quenciesone obtainsvaluesfor the totalbulk conduc-
Mg-dopedcrystalswere colorless,whereasall Zr-doped tivity whereasthevaluesobtainedby extrapolationto
crystalswere light blue. The conductivitymeasurements zero frequencycoincidedwith experimentallyobserved
wereperformedin the temperaturerange300—1250K in d.c.-conductances.
air. Thin plateletswerecleavedfrom theboulesalong Figure2 showsthe temperaturedependenceof the
the(100) plane.The areaof thesamplesvariedfrom ionic conductivity (a1), andtheelectronicconductivity
0.20to 0.60cm

2, the thicknessfrom 0.1 to 0.2cm. Con. (‘3e) for two undopedcrystals.Theionic contributionto
tact betweentheplatinumelectrodesand the cleaved thetotal conductivity is within 40% thesamefor all un-
surfaceswasestablishedwitha platinumpaint (Leit- dopedcrystals,whereasthe electronicconductivity
platin,Degussa).All experimentswere carriedout in a variesover2 decadesfrom sampleto samplebelow
conductivitycell as describedpreviously.6Thedirect 740 K. Above 870 K no reliablevaluesfor the ionic con-
voltagesappliedto thecrystalneverexceeded1 V. tribution to thetotal conductivitycould be obtaineddue
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-— oppositeeffect on both ionic andelectronicconduc-
tivity. The electroniccontributionto the conductivityof

1 5 496 K ~1O kHz the Zr-dopedcrystalneverexceededthe ionic contri-/ bution. From this observationand thegeneralassump-
/ tion that themobility of electronsis muchhigher than

10 kHz themobility of ionic point defectswe concludethat the

electronsareminority chargecarriers.
5 - 2kHz Assumingthat Zr is incorporatedsubstitutionalythe

- 1kHz . . 7-, 4 kHZ incorporationmechanismusingKrogersnotation can

thenbe describedin two ways asfollows:
\ 5 10 15 20 25
DC ~—G(10

6Q1) 3ZrO
2-+3Zr~a+V~+ 60~ (1)

15 2Zr02 -~ 2Zr~a+ 0~’+ ~ (2)
625 K

Sinceavailableinterstitialsitesin the 13-Ga203structure
8

10 5kHZ do notallow for mobile interstitial oxide ions,we pro-

b 2 k~__—~~~kHz posethat the increasein ionic conductivityon doping
~ 5 Ø4~HZ —~,~2okHz with Zr canbe attributedto the formationof gallium ion/ 8kHz vacanciesaccordingto reaction(1). It is not known at

_________________________________ presentwhetherintrinsic ionic point defectsin j3-Ga
203

~ 5 10 15 20 25 arethermally generatedaccordingto a Schottkyor a
DC ~ G(10

5c2’) Frenkelmechanism.An increasein the concentrationof

gallium ion vacancies[V~’~ however,meansthat either
Fig. 1. Admittanceplotsfor a nominally pure13-Ga

203 - .

crystal the concentrationof oxide ion vacancies[V0 I (Schottky
disorder)or theconcentrationof interstitialgallium ions
[Ga ] (Frenkeldisorder)will decrease,and will conse-
quentlylead to a higherconcentrationof free electrons,

-2 •

0e crystal 1 ascanbe seenfrom the equilibria (3) and(4)
o ci crystal 1

3 •ci~ crystal 2 0~�V~ +2e’+ 1/202(9) (3)
o ci crystal 2 2Ga~a+ 30~ 2Ga” + 6e’ + 3/202(9). (4)

This anticipatedincreasein theconcentrationof free

electrons[e’I is in accordancewith experimentalob-
E - servationsfor theZr-dopedcrystals.Incorporationof

-6 0 Mg will result in a decreasein concentrationof gallium
2 ion vacancieseither throughanincreasein theconcen-

7 tration of interstitial gallium ions, or throughanincrease

P ~— in theconcentrationof oxide ion vacancies:

-8 •/// 6MgO + Ga
203 6Mg~~+ 2Ga” + 90~

9. 2MgO -±2Mg~~+Vo+20~.

~ A decreasein [V~’j will involve a decreasein [e’l

______ accordingto (3) and(4).
300 220 1 140 60 In theexperimentalrelation betweenlog u~andT~

-.~--~---— 10
5T (K ) two linearregionscan be discernedfor all undoped

Fig. 2. The ionic conductivity (cii) andtheelectronic samples.Below 475K theactivationenthalpycalculated
conductivity (Ge) of two undoped13-Ga

203crystalsplot- from therelation log a1Tvs T
1 hasthe value 0.28eV,

ted aslog avs T~(measuredin air). above475K thevalue0.62eV is obtained.From the
log 0e vs T’ plots an activationenthalpyof 0.56eV at

to the high electroniccontribution.Doping with Zr re- relatively low temperaturesand of 1 .3 eV at high tern-
suitsin a substantialincreasein the wholetemperature peratureswascalculated.Themeasurementson doped
rangeconsideredin ionic as well aselectronicconduc- crystalsshowthatthe temperatureregionwherethe
tivity ascomparedto thesepartial conductivitiesin ionic conductivity is governedby an intrinsic process
nominally purematerial.Doping with Mg hasthe (formation of point defectsaccordingto a Schottky or
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Frenkelmechanism)is notreached.Thismay be attribu- sociateddonorsandfree electrons.The observeddiffer-
ted to a highenergy of formationof thesedefects. encesin electronicconductivityin variousundopedcrys.
Annealingexperimentsandmoreelaboratemeasure- talspoint to a differencein the concentrationof donors,
mentson dopedcrystalsare requiredfor a detailedinter- whichcouldbethe result of growingunderslightly dif-
pretationof the ionic conductivity. ferentoxygenpressures.In agreementwith LorenzetaL

1
Due to thehigh bandgap energyof 13-Ga

203(4.7 we obtainedthe highestvaluesfor theelectronicconduc-
eV

9) intrinsicsemiconductioncannotaccountfor the tivity for bluecrystals.Noneof our crystals,however,
observedincreasein electronicconductivity with tern- showedthe reported1metallic conductivity.
perature.Accordingto Lorenzet al.1 the first ionization
of thedonorsis completeat 200K. Independentof the Acknowledgement— Theauthorswould like to thank
choiceof gallium interstitialsor oxide ion vacanciesas Dr. J.SchoonmanandProf. Dr. G. Blassefor stimulating
donorsthe increasein electronicconductivityup to discussionsandreadingthemanuscript.The investi-

gationswere performedasapart of the‘researchprogram
740K might be attnbutedto a secondionizationof the of the“Stichting voor FundamenteelOnderzoekder
donors.Above 740K we expectoxygenloss from the Materie” (F.O.M.)with financialsupportfrom the
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