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The influence of aliovalent dopants (Mg, Zr) on the electrical conductivity of quenched and equilibrated -
Ga,0, single crystals has been established. In the quenched crystals, frozen-in defects govern the electrical
properties. In the quenched Zr-doped crystals optical absorption by free charge carriers is observed in the
infrared spectral region. Above 580°K, the crystals can be equilibrated in air. Equilibration of the crystals
markedly influences the electrical properties. In conjunction with data reported on undoped §-Ga,0,, it is
proposed that the electronic conduction occurs via a hopping mechanism. The data reveal that doping

influences the activation enthalpy for the conduction.

1. Introduction

The ionic and electronic conductivities of
nominally pure f-Ga,0, single crystals have
been reported in the literature (I, 2). The
electronic conductivity of polycrystalline sam-
ples has been studied at high temperatures as
well (3—6). In addition to ionic conductivity
via gallium ion vacancies, n-type semi-
conductivity has now been well established.
The influence of aliovalent cationic dopants on
the electrical properties of f-Ga,0, crystals
has received only little attention. Harwig et
al. (2) noticed that incorporation of ZrO,
substantially increases, whereas incorporation
of MgO decreases the electrical conductivity
of f-Ga,0, crystals. These data were obtained
from single-heating runs on Verneuil-grown
crystals. One may expect a high-temperature
equilibrium to be frozen-in in such crystals
and, consequently, ill-defined conductivities at
low and moderate temperatures.

The present paper reports on the tem-
perature dependence of the electronic contri-
bution to the conductivity of doped §-Ga,0,
crystals. Attention is paid to the difference
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between the electrical conductivity of
quenched and equilibrated crystals. Transmis-
sion spectra of doped and undoped crystals
show that the higher electronic conduction of
quenched Zr-doped crystals is related to an
absorption in the infrared region of the
spectrum.

2. Experimental

The melting point of §-Ga,0, is 2068
+20°K (7). Nominally pure and doped
crystals were grown by the Verneuil method
using f-Ga,0, powder (Alusuisse 99.99%
pure) as starting material. The growth of the
crystal was terminated by stopping the powder
flow and lowering the crystal. As soon as the
crystal was outside the muffle (after about 7
min) the flame was extinguished and the
crystal was left to cool down to room
temperature. More details of the crystal
growth will be given elsewhere (8). Mg and Zr
were introduced as the oxides MgO and ZrO,,
respectively. All Mg-doped crystals were
colorless, whereas all Zr-doped crystals were
blue. Transmission spectra with the radiation
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incident normally to the (100) plane of the
crystals were recorded at room temperature
with a Perkin—Elmer EPS/3T double-beam
spectrophotometer. Spectrochemical analysis
of several doped crystals revealed that if 1000
ppm of ZrO, or MgO had deliberately been
added to f-Ga,0,, only a few hundred parts
per million of Zr or Mg had actually been
incorporated. The major impurities detected in
undoped crystals were Si (100-200 ppm), Ca
(20-50 ppm), Mg (20-50 ppm), and Al (50—
100 ppm). The concentrations of the different
impurities varied considerably in the various
crystals. The accuracy of the analysis,
however, was poor and excluded a quantitative
interpretation of the compositional dependence
of the conductivity. For convenience the
deliberately added, weighed concentrations of
dopants will be used throughout this paper.

The ac conductivity measuring technique
has been published before (2). Direct currents
were recorded under potentiostatic conditions
automatically as a function of temperature
using an automatic ranging digital pico-
ammeter (Keithley 445), which was comman-
ded by a Solartron data transfer unit. Applied
dc voltages were measured with a digital volt-
meter (Schlumberger A220) in combination
with a recorder drive-unit (Schlumberger
A295). It was checked whether the conduc-
tivity remained constant over a time interval of
30 min if the temperature was kept constant.
All measurements were performed in air.

3. Results

The temperature dependence of the electro-
nic conductivity, o, of several doped crystals
is presented in Fig. 1. The conduction ac-
tivation enthalpies are gathered in Table I. For
comparison literature data obtained on un-
doped single crystals and powder specimens
have been included.

The highest electronic conductivity is ex-
hibited by the as-grown crystal Zr 1000. For
temperatures above about 580°K its conduc-
tivity becomes time dependent. This behavior
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Fic. 1. The electronic conductivity (o) versus

reciprocal tempera:ure for §-Ga,0, single crystals with
aliovalent dopants and measured in air. Literature data
of undoped samples have been included for comparison.
0, as grown crystal: 1000 ppm Zr; O, as grown crystal:
100 ppm Zr; M, @, subsequent cooling and heating
curves; x, equilibrated crystal: 100 ppm Mg; W,
equilibrated crystal: 1000 ppm Mg; —-—, poly-
crystalline undoped sample: Sasaki and Hijikata (6), 180
mm O,; - —-, polycrystalline undoped sample: Cojocaru
et al. (3, 5), probably 760 mm O,; ——, two undoped
crystals (apparently grown under slightly different
oxygen pressure). Harwig et al. (2), air.

indicates the onset of an equilibration reaction
with the surrounding atmosphere. Upon subse-
quent heating to temperatures above about
900°K equilibrium is rapidly reached, which is
manifested by reproducible conductivity data
obtained thereafter during temperature-cycling
experiments. A similar behavior was observed
for the other quenched crystals.

Below 550°K the conductivity of the
equilibrated crystal Zr 1000 shows frequency
dispersion. From the admittance plots (2) it is
concluded that below about 550°K the ionic
conductivity is of the same order of magnitude
as the electronic conductivity. For the equilib-
rated Zr 100 crystal the ionic and the
electronic conductivity are also of the same
order of magnitude below about 575°K.

The equilibrated crystal Mg 1000 exhibits
the lowest electronic conductivity. The electro-
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TABLE 1

ACTIVATION ENERGIES FOR ELECTRONIC CONDUCTION IN DOPED f-Ga,0; CRYSTALS AND
IN NoMINALLY PURE SAMPLES

Temperature
Dopant interval (°K) AH(eV) Remarks
Mg 1000 610-1040 1.26 Equilibrated in air
440- 625 091 - L.
Mg 100 {625—1000 1.23 Equilibrated in air
365— 555 0.74 - L
Zr 100 !555_ 910 1.04 Equilibrated in air
Zr 1000 {380— 475 0.64 " .
475— 895 0.95 Equilibrated in air
Zr 100 435- 625 0.58 As grown
Zr 1000 310- 575 0.33 As grown
. 600— 900 1.0 .
Undoped polycrystalline { 900-1220 L3 Cojocaru and Alecu (3)
Undoped polycrystalline 960-1220 1.8 Sasaki and Hijikata (6)
360- 830 0.56
Undoped crystal 555— 710 0.71 Harwig et al. (2) as grown
710-1250 1.31

nic conduction of the quenched Mg 1000
crystal was too low (<107'® @' c¢m™?), at
temperatures where no equilibration with the
atmosphere occurs, to be measured reliably,
indicating that the electronic conductivity of
the quenched Mg 1000 crystal was not much
higher than the electronic conductivity of the
equilibrated crystal. At temperatures above
750°K, the ac conductivity shows little fre-
quency dispersion for frequencies in the range
dc—20 kHz. This indicates that the electronic
conductivity of this crystal largely exceeds the
ionic conductivity.

The electronic conductivity of the equilib-
rated crystal Mg 100 is found between those of
Zr 100 and Mg 1000 and close to the
electronic conductivity of nominally pure
crystals (see Fig. 1). For both the quenched
and the equilibrated Mg 100 crystal frequency
dispersion was observed over a wide tem-
perature interval, which enabled the evaluation
of the ionic conductivity, o, After heating the
crystal up to 1150°K, the ionic conductivity
decreased with more than one power of ten.
The slope of the logo,T vs T! curve did not
change measurably (Fig. 2). For the activation

enthalpy a value of (0.63 + 0.01 eV) is
calculated. It should be remarked that the
ionic conductivity of the quenched crystal Mg
100 is found to be a factor of 6 larger than that
of undoped crystals reported previously (2).
For the equilibrated crystals Zr 1000, Zr
100, and Mg 100 two linear regions can be
discerned in the logg, vs 7' curves. From
Table I and Fig. 1 it is clear that the activation
enthalpy for conduction, 4H, decreases upon
increasing isothermal conductivity values.
Meyer and Neldel (9) have shown empirically
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FiG. 2. The ionic conductivity, g, of a crystal doped
with 100 ppm Mg, plotted as log o, T versus 1/T. O,
heating curve; @, subsequent cooling curve.
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that a wide variety of undoped semi-
conductors obey the relation:

—logo, ~ AH.

Eror and Wagner (10) showed that this
relation is also valid for certain doped oxides.
Our data obtained below 550°K fit in this
relation.

Transmission spectra revealed that only the
blue-colored crystals exhibit optical absorption
in the near infrared. A transmission spectrum
for a crystal with thickness of 0.0657 cm has
been given in Fig. 3. Blue-colored crystals
became colorless after a heat treatment at
1200°K in air or nitrogen, and the infrared
absorption disappeared. Our attempts to obtain
blue-colored crystals by heat-treating colorless
crystals in a reducing atmosphere were unsuc-
cessful: If the crystals were heated in a mixture
of 70% nitrogen and 30% hydrogen the g-
Ga,0, crystals decomposed at temperatures
above 1000°K. This is compatible with the
observation that volatile Ga,O is formed if §-
Ga,0, is heated in hydrogen (11, 12).

4. Discussion

It is remarkable that dopant concentrations
(especially zirconium) which are low com-
pared with the impurity contents of the
undoped crystals have such a great influence
on the electrical properties. An important
influence has also been noticed on the
luminescence properties of crystals doped with
relatively low concentrations of ZrO, (I3).
The ionic conductivity of the Mg 100 crystal is

100 —
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FiG. 3. Transmission of a quenched f-Ga,0, crystal
doped with 1000 ppm Zr (thickness 0.0657 cm), as a
function of wavelength. The radiation was incident
normally to the (100) plane.

HARWIG AND SCHOONMAN

of the same order of magnitude as the ionic
conductivity of undoped crystals. This is in
agreement with the relatively low con-
centration of dopant. The activation enthalpy
is equal within the experimental error to that
reported for undoped quenched crystals for
temperatures larger than 475°K, indicating
that in the Mg 100 crystal the gallium ion
vacancies constitute the mobile ionic species.
Their activation enthalpy is 0.63 eV irrespec-
tive of thermal treatments. The ionic conduc-
tivity decreases in the sequence Zr 1000, Mg
100, Mg1000, in line with the proposed (2)
gallium ion vacancy conduction, albeit that no
conclusion can still be drawn as to the nature
of the intrinsic defect compensating the charge
of the gallium ion vacancy.

It is evident that the as-grown crystals are
not in equilibrium with the ambient used in this
study. Equilibrium is established at tem-
peratures above 580°K. Nevertheless the
proposed model for the relation between alio-
valent dopant and electronic conductivity still
holds for equilibrated crystals.

It is apparent that the higher the con-
centration of gallium ion vacancies in the
crystal, the more high-temperature defects are
frozen-in. When the crystals are cooled from
the growing temperature to room temperature
equilibrium with the ambient demands the
incorporation of oxygen according to

Vo + 2¢' + 30, 0%, (1)

or
2

depending on the existence of a Schottky or a
Frenkel disorder, respectively. Here and
throughout this paper the defect notation of
Kroger (14) is used. If the concentration of
oxygen vacancies (interstitial gallium ions) is
low as is the case in Zr-doped crystals, the rate
at which the incorporation can take place is
determined by the diffusion of oxygen vacan-
cies (interstitial gallium ions) to the surface.
Clearly this rate is too low to establish

2Ga ;" + 40, + 6e' - 2Gay, + 305,
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equilibrium with the gas phase if the Zr-doped
crystals are quenched.

The infrared absorption of quenched Zr-
doped crystals is attributed to free-carrier
absorption, which is a common phenomenon
in binary oxides in which the electron con-
centration has been increased either by doping
or by heat treatments in a reducing at-
mosphere (15-17). After a heat treatment in
air the infrared absorption has disappeared in
accordance with the observed decrease in the
electronic conductivity in equilibrated Zr-
doped crystals.

Cojocaru and co-workers (3-5) and Sasaki
and Hijikata (6) have shown that the conduc-
tivity of undoped polycrystalline $Ga,O,
varies with pgl/4 in the pressure range 1-760
mm Hg. Cojocaru and Prodan (5) assume that
from 400 to 1000°K electroneutrality is
preserved via the relation

3[Ga;]1=e'],

both species thus depending on the partial
oxygen pressure. Sasaki and Hijikata assume
the predominant defects to be either electrons
and singly ionized oxygen vacancies or doubly
ionized gallium ion interstitials, or the coexi-
stence of both types of ionic defects and
electrons. As can be readily observed from the
interphase reaction

2Gag, + 305 = 2Ga]" + 30, (g) + 2me';
K =[e'}™ [Gay )2 pi,

(3
the p;V4-dependence of the conductivity is for
m = 3 only compatible with electrons being
minority charge carriers, contrary to the
assumption of Cojocaru and Prodan. Sasaki
and Hijikata reported dissociative loss of
oxygen above 950°K via Eq. (3) or via

OF = V5 + 40, (g) + ne’;
K= [er]n [Vn.]pl/Z.
0 F0: (4)

A p;Y4-dependence is in their case obtained for
m =2 (Eq. 3) or for n = 1 (Eq. 4).
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We have tried to calculate the electron
concentrations using mobility values from
literature sources. From the Hall coefficient
and resistivity measurements on light-blue
conducting crystals Lorenz et al. (I) deter-
mined the electron mobility z, to be 80
cm?/Vsec at room temperature, and approxi-
mately 110 cm?/Vsec at 160°K. The room
temperature electron concentration was found
to be about 10'® cm~3. Details regarding the
ambient were not provided. From thermo-
electric power and conductivity data on poly-
crystalline -Ga,0, in vacuo Cojocaru and
Alecu (3) obtained for g, at 900°K the value 1
x 10~* cm?/Vsec and for the electron con-
centration, the value 3.0 x 107 cm™3 At
650°K, g, has the value 7 x 10~¢ cm?/Vsec. If
the Hall mobility is used to obtain the
concentration of the electrons at room tem-
perature in the quenched Zr 1000 crystal
(highest electronic conductivity), the low value
of 3.2 x 10" cm™? results. This low con-
centration violates the observation of frozen-in
defects in the quenched crystals. If, on the
contrary, the drift mobility data of Cojocaru
and Alecu are used in conjunction with the
present conductivity data of equilibrated,
doped crystals, the following concentrations
can be inferred:

[e'] cm™3 [e'lem™?

Dopant (650°K) (900°K)
Mg 1000  2.82x 104 111 x 10%
Mg 100 7.09 x 10V 1.76 x 10%°
Zr 100 2.24 x 101° 2.79 x 1020
Zr 1000 2.00 x 1020 1.40 x 10!

In view of the concentration of gallium ions,
viz., 4 x 1022 cm~3, and the actual amounts of
incorporated ZrO, the latter concentrations
are unrealistically high. It should be remarked
that the mobility data used have been obtained
on polycrystalline £Ga,0, It has been
recognized for oxide semiconductors that the
charge-carrier mobility can be larger in
crystals (18). The magnitude of this effect is
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small, however, and no substantial decreases
in the calculated concentrations of electrons
are to be expected. The values of [e'] cal-
culated for the Zr 1000 crystal at 650 and
900°K indicate that the room temperature
electron concentration is much higher than
the value of 3.2 x 10" cm~> The huge dis-
crepancy originates from the use of the Hall
mobility. This mobility is always characteristic
of the conduction band motion of charge
carriers. The present data, therefore, indicate
that the electronic conduction mechanism can
be regarded as a hopping-type process, i.e., an
activated mobility. It is well known that for
localized electrons, drift mobilities can be
orders of magnitude smaller than the Hali
mobility (19).

Moreover, a compositional influence on the
drift mobility may exist if the concentration or
even the nature of the immobilization centers
is influenced upon doping. The values of [e']
calculated above suggest that not only the
electron concentration, but also the mobility,
decreases in the sequence Zr 1000, Zr 100, Mg
100, Mg 1000. In regard of the composition of
the crystals, it is likely that the nature of the
immobilization centers is different in the Zr-
doped and Mg-doped crystals. In the Zr-doped
crystals, Zrg,, seems to be a reasonable choice,
whereas either Vg or Ga;"* would be appropri-
ate for the Mg-doped crystals. In view of the
higher effective charges of the defects in the
latter case, the larger effect of doping with
1000 ppm Mg on the conductivity may be
ascribed partly to a much more effective
localization, i.e., a strongly reduced electron
mobility as compared with the Zr-doped
crystals in which localization of the electrons
is assumed to be small.

Cojocaru ascribes the kink in the
temperature-dependence curves of the electro-
nic conductivity to a dissociative loss of
oxygen and hence a temperature-dependent
electron concentration. The temperature
region where equilibration occurs in the
quenched crystals indicates that this may be
the cause of the kink in the conductivity curves
for these crystals too.

HARWIG AND SCHOONMAN

5. Conclusions

Due to frozen-in oxygen vacancies and
electrons quenched Zr-doped crystals show a
higher electronic conductivity than equilib-
rated Zr-doped crystals. In equilibrated
crystals the electronic and the ionic conduc-
tivity decrease both in the sequence Zr 1000,
Mg 100, Mg 1000, in accordance with the
influence of aliovalent dopants on the con-
centration of point defects and with the
proposition of mobile gallium vacancies. From
the observed relations between log g, and 7!
and from literature values for g, it is concluded
that the electronic conduction occurs via a
hopping-type process, which implies a ther-
mally activated electron mobility. Moreover
this mobility is less in Mg-doped crystals than
in Zr-doped crystals due to a much more
effective localization in the Mg-doped crystals.
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