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We provide a comparative study of basic electrical properties of bulk single crystals of transparent
semiconducting oxides (TSOs) obtained directly from the melt (9 compounds) and from the gas phase

(1 compound), including binary (-Ga,0;, In,0;, ZnO, Sn0,), ternary (ZnSnO;, BaSnO,, MgGa,0,,
ZnGa,0,), and quaternary (Zn,_,Mg,Ga,0,, InGaZnO,) systems. Experimental outcome, covering

over 200 samples measured at room temperature, revealed n-type conductivity of all TSOs with free
electron concentrations (n,) between 5 x 10'® and 5 x 102° cm~3 and Hall electron mobilities (uy) up to

240 cm?V~' s7'. The widest range of n, values was achieved for -Ga,0; and In,0,. The most electrically
conducting bulk crystals are InGaZnO, and ZnSnO; with n,>10%° cm™3 and p; > 100 cm?V~"' s™". The
highest u,, values >200 cm?V~" s~ were measured for Sn0O,, followed by BaSnO; and In,0; single crystals.
In,03, ZnO, ZnSnO;, and InGaZnO, crystals were always conducting, while others could be turned into

electrical insulators.

Transparent semiconducting oxides (TSOs) combine semicon-
ducting behaviour and high transparency in the visible spec-
trum, in some TSOs even down to the deep ultraviolet. They
define a fast-growing area in solid-state physics that is relevant
for both science and technology. Some of the physical proper-
ties of this class of materials, in particular transport properties
thereof, are not fully understood so far, therefore, it opens an
opportunity for fundamental studies of the physical properties.
On the other hand, materials for study need to be obtained and
this poses technological challenges, in particular when indus-
trial applications are in quest. The TSO materials may have dif-
ferent forms, like nanocrystals, thin films, whether amorphous,
polycrystalline, or crystalline, ceramics, and bulk single crystals.
Although important properties can be gathered from ceramics
and thin films they are usually affected by the composition, pos-
sible other phases, point defects, and structural defects. Due to
their high structural quality and homogeneity, bulk single crys-
tals show physical properties that are closer to intrinsic mate-

rial properties than ceramics, nanocrystals, and most thin films.

©The Author(s) 2021

Additionally, bulk single crystals serve as substrates for epitaxial
growth and device fabrication.

There is a wide spectrum of applications for the TSOs,
including electronics, opto-electronics, piezoelectrics, pho-
tovoltaics, radiation detection, gas sensing, catalysis, and
the like, which may arise not necessarily from fundamental
features of the TSOs, but also from the crystal structure and/
or surface properties. More details on the applications of the
TSOs can be found e.g. in numerous review articles [1-10]
and text books [11-16]. For some of these applications, espe-
cially for electronics, electrical properties of the materials are
crucial for device operation. In particular, ultra-wide band-
gaps of some of the TSOs make them suitable for high power
switching devices, while materials with a very high electrical
conductivity are well suited for transparent electrodes in pho-
tovoltaics and flat panel displays. Bulk crystals may function
directly as active components in some of the devices (e.g.
FET transistors and Schottky barrier diodes in vertical con-

figurations) or as passive components acting as substrates for
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devices fabricated thereon. In the latter case, the substrates
can be used for both homoepitaxy or heteroepitaxy.

A characteristic feature of the TSOs is the strong curva-
ture of the bottom part of the conduction band (CB) enabling
low electron effective mass of about m); = 0.2 — 0.3m for low
to moderately high free electron concentrations (< 102 cm™3,
where band filling effects may be neglected), where my is the
free electron mass, and relatively high electron mobility. On
the other hand, the top part of the valence band (VB) is sub-
stantially flat resulting in high hole effective masses, which
in combination with hole self-trapping phenomenon makes
the holes almost immobile. Therefore, the TSOs are usually
considered as effective n-type semiconductors.

In the present work, we focus on basic electrical proper-
ties of bulk TSO single crystals that we grew directly from the
melt (9 compounds) and from the gas phase (1 compound).
Experimental results obtained on a diversity of compounds
frame a comparative study of the free electron concentrations
and Hall electron mobilities of bulk TSO single crystals at
room temperature (RT) that may serve as a guide for other
forms of materials and different concepts of devices.

The bulk TSO single crystals discussed hereinafter are
listed in Table 1, along with their basic structural proper-
ties, experimental bandgaps, and electron effective masses.
The TSOs belong to different crystal systems, hence, they
have different structures, and experimental bandgaps rang-
ing between 2.7 and 4.9 eV. The bandgaps are typically direct
or pseudo-direct as a result of the flatness of the VB maxi-
mum. A combination of structural, physical, and surface
properties of the TSOs enables to design devices with unique

functionalities.

All investigated bulk TSO single crystals were grown at the Leib-
niz-Institut fiir Kristallziichtung, Berlin, Germany. They were
grown directly from the melt except SnO, that was obtained
from the gas phase at high temperatures, as summarized in
Table 2. The common features of the TSOs are high melting
points and high thermal instability at high temperatures that
makes the crystal growth directly from the melt really challeng-
ing. These challenges were addressed and bulk single crystals
obtained, as discussed in our numerous works referenced in
Table 2. High melting points of 1700-2100 °C require iridium
crucibles for melt growth and high-quality refractory insulating
materials. All TSOs are thermally unstable at such high tempera-
tures leading to a substantial decomposition during growth. The
most unstable compounds are those containing Sn, Zn, and In
elements. Ternary and quaternary systems proceed addition-
ally incongruent decomposition (in terms of cations ratio). The
growth of TSO single crystals directly from the melt requires
therefore new scientific and technological approaches and con-
cepts, as discussed in appended references in Table 2.

The size of obtained TSO single crystals varies depending
on the compound, melting point, level of thermal instability,
and the growth method. The largest bulk TSO single crystals
were B-Ga,O, (up to 2 inch in diameter and 4 inch in length)
and ZnO (33 mm in diameter and 40 mm in length), while the
smallest were ZnSnO; and InGaZnO, with the size of several
mm. The structural quality of most of the discussed TSO single
crystals can be found in references depicted in Table 2.

The investigated samples were prepared from as-grown,
annealed, and in some cases from intentionally doped crystals.
Annealing and doping aimed to modify electrical properties of

as-grown or undoped crystals, respectively. Undoped crystals

TABLE 1: Investigated bulk TSO single crystals, their crystal structures, optical bandgaps measured on bulk crystals at room temperature (RT), and elec-

tron effective masses near the conduction band minimum.

Compound Crystal system, space group Experimental lattice parameters [A] Experimental optical Electron effective mass m}/mq
bandgap [eV]

B-Ga,0, Monoclinic, C2/m a=12.2290, b=3.0390 4.85[10] 0.26-0.28[17]
¢=5.8035,3=103.82°

In,0, Cubic, la3 a=10.1212[16] 2.72[18] 0.19-0.461® [19]

ZnO Hexagonal, P63mc a=3.253,¢c=5.213[20] 3.18[16] 0.23-0.32®[21-25]

sno, Tetragonal, P4,mnm a=4.7374,¢=3.1864 [26] 3.77[16] 0.2-0.39¢ [27, 28]

ZnSnO, Trigonal, R3¢ a=5.2622, c=14.0026 [29] 3.90 [30] 0.32931]

BaSnO, Cubic, Pm3m a=4.117[32] 2.99[33] 0.19-0.36/ [34, 35]

MgGa,0, Cubic, Fd3m a=8.281[36] 4.90 [37] 0.28-0.319[16]

Zn,_,Mg,Ga,0, Cubic, Fd3m - 4.75[38] -

ZnGa,0, Cubic, Fd3m a=83336[39] 4.59[39] 0.21-0.25% [40, 41]

InGaZnO, Trigonal, R3m a=3.275,¢=25.99 [42] 3.54 0.25-0.26"9 [43]

Superscripts (€) and (t) refer to experimental (both bulk crystals and thin films) and theoretical values, respectively. Theoretical values for the electron
effective masses were used when experimental ones were not available according to the author’s best knowledge.

©The Author(s) 2021
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TABLE 2: Growth methods along with melting points and investigated samples of bulk TSO single crystals grown from the melt (all except SnO,) and

from the gas phase (SnO,).

Compound Melting point [°C] Growth method References for bulk TSO Investigated samples
crystal growth

B-Ga,04 1793* Czochralski [10, 16, 38, 44-50] As-grown, annealed, doped (Si, Sn, Ge, Ce, Al, Cr,
Mg, Ni, Co, Cu, Li, and combinations of some of
them)

In,05 1950+30 LASSCGM [16,51-53] As-grown, annealed

Zn0O 1975 Bridgman [54-58] As-grown, annealed

SnO, >2100 PVT [16,59] As-grown, annealed

ZnSn0O; 1750+£25 VGF [60] As-grown

BaSnO; 1855+25 VGF [16, 33] As-grown, doped (La)

MgGa,0, 1930+10 Czochralski, Bridgman,  [16, 37, 38] As-grown, annealed, doped (Si)

Kyropoulos-like

Zn,_,Mgq,Ga,0, 1920+20 VGF [16,38] As-grown, annealed

ZnGa,0, 1900+20 VGF [16, 38, 39] As-grown, annealed, doped (Si, Zr, Y)

InGaZnO, 1700£30 VGF [61] As-grown, annealed

LASSCGM levitation-assisted self-seeding crystal growth method, PVT physical vapour transport, VGF vertical gradient freeze.

*From Ref. [62].

means crystals without any intentional doping when using good
purity powders (typically 5 N or 4 N in some cases) as the start-
ing materials. Annealing was performed in the presence of oxy-
gen or hydrogen-containing atmospheres at temperatures up to
1200 °C and 800 °C, respectively, for 1 h to 20 h. Lower anneal-
ing temperature in the case of hydrogen-containing atmospheres
was necessary to avoid reduction action of hydrogen that causes
a sample damage at higher temperatures. On the other hand, the
TSOs are thermodynamically stable up to 1200 °C in oxygen-
containing atmospheres. Doping elements were selected for a
specific compound to either enhance or compensate the electri-

cal conductivity.

The electrical conductivity and Hall effect of the crystals were
measured in van der Pauw configuration at room temperature
using a Hall measurement system HMS 7504 (Lake Shore). The
contacts of diameters less than 0.5 mm were prepared by rub-
bing a little In-Ga eutectic mixture in the corners of quadratic
(or rectangular) wafer samples of typically 5x 5(or 3) x 0.5mm?>
in size. Ohmic behaviour of these contacts was accomplished
by discharging a capacitor over each two contacts, i.e. contact
forming by local alloying, since otherwise, too high contact
resistances and/or non-linear current-voltage characteristics
prevented reliable Hall effect measurements. Electrical set-up
and sample dimensions limited resistivity measurements to
values up to about 10° Q cm. Therefore, samples with higher
resistivity could not be measured and are indicated as electrical
insulators. Electron concentration and electron mobility were

calculated under the assumption of a unity Hall scattering factor.

©The Author(s) 2021

The accuracy of these values is mainly determined by the errors
introduced by electrical inhomogeneities due to unintentional
doping variations and structural defects (see discussion below).
Our experience with collecting the big data set presented here-
inafter let us estimate the deviation from the given values to be
below 20-30%.

All the investigated bulk TSO single crystals showed
n-type conductivity. As listed in Table 3, some of the TSOs

TABLE 3: Electrical conductivity states at room temperature of bulk TSO
single crystals grown from the melt (all except SnO,) and from the gas

phase (Sn0O,).
Compound Electrically  Insulating state obtained by ~Con-
insulating ducting
(as-
grown)

B-Ga,0; Yes High O, in the growth atmos- Yes
phere and/or doping with
divalent ions

In,0; No - Yes

ZnO No - Yes

Sno, Yes Annealing in the presence Yes
of O,

ZnSn0y No - Yes

BaSnO; Yes High O, in the growth atmos- Yes
phere

MgGa,0, Yes High O, in the growth atmos- Yes
phere or annealing in the
presence of O,

Zn,_,Mq,Ga,0, Yes Annealing in the presence Yes
of O,

ZnGa,0, Yes Annealing in the presence Yes
of O,

InGaZnO, No - Yes
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can be obtained as electrical insulators. This was achieved
either by high oxygen partial pressure in the growth atmos-
phere ($-Ga,0;, BaSnO;, MgGa,0,) and/or intentional dop-
ing (B-Ga,0; doped with Mg, Ni, Co), or post growth heat
treatment in the presence of oxygen at temperatures typically
above 700 °C (SnO, and Ga-based spinels, i.e. MgGa,O,,
ZnGa,0,, and Zn, Mg Ga,0,,). Bulk single crystals of
In,05, ZnO, ZnSnO;, and InGaZnO, were always electrically
conducting independent on annealing (although it decreased
the free electron concentration less than one order of magni-
tude). Bulk ZnO, SnO,, and MgGa,O, crystals could not reach
highly conducting state (> 5 x 10'® cm™), while bulk ZnSnO,
and InGaZnO, single crystals were always highly conducting,
even after annealing in the presence of oxygen.

Sources of the electrical conductivity of some of the
TSOs as such have intensively been studied by numerous
researchers both theoretically and experimentally. Although
solid conclusions were drawn in some cases, ambiguity in
other cases remain. For instance, the electrical conductivity
in p-Ga,05 may arises from solid impurities present in the
starting material/intentional doping (Si, Sn, Ge, Zr, Hf) and
hydrogen [48, 63-68]; in In,O; from impurities/intentional
doping (Sn, Ti, Zr), fluorine, hydrogen, and possible oxy-
gen vacancies [69-72]; in ZnO from impurities/intentional
doping (such as Al, Ga, In, Sc), Zn interstitials, hydrogen,
complexes [73-76]; in SnO, from solid impurities/inten-
tional doping (such as Sb, As), fluorine, hydrogen [77-80]; in
BaSnO; from intentional doping (La, Y, Pr, Nd, Sb), fluorine,
and hydrogen [81-84]. Here we point out that the growth
of bulk TSO single crystals at very high temperatures com-
bined with high thermal instability (decomposition) might
generate structural and intrinsic point defects that influence
electrical properties to some extent. As an example, at high
temperatures during growth, the cation distribution for all
spinels is random, but becomes inverse (MgGa,O,) or normal
(ZnGa,0,) at room temperature. However, not slow enough
cooling may preserve antisite defects (Gay,, Gay,) in such
systems, giving rise to electrical conductivity at RT. Antisite
defects with low formation energy in ZnGa,O, have already
been theoretically predicted [85]. Similarly, electrical conduc-
tivity in ZnSnOj; (Sny,) and InGaZnO, (Gay,) crystals may be
induced due to incongruent decomposition and evaporation,
as for instance concluded from the theory for InGaZnO, [86].
In addition, impurities present even in high-purity starting
materials as well as in iridium crucibles, and thermal insula-
tion may also contribute to electrical conductivity of these
materials. For that reason, we do not discuss hereinafter the
sources of the electrical conductivity in these materials as it
requires a separate, long-lasting study. Instead, we provide
an experimental output gathered from bulk crystals grown
at high temperatures.

©The Author(s) 2021

The ranges of the free electron concentration in conduct-
ing bulk TSO single crystals are presented in Fig. 1. The widest
range of the free electron concentrations, covering more than
three orders of magnitude, was obtained for bulk B-Ga,O; single
crystals. The next one is In,O; with over two, and BaSnO; with
about two orders of magnitude. Bulk ZnO and MgGa,O, crys-
tals showed the lowest span in the free electron concentrations,
below one order of magnitude. High values of the free electron
concentrations > 10"’ cm™
(doped with La), as well as for ZnSnO;, In,0;, ZnGa,0,, and
InGaZnO, (all undoped) single crystals. The compounds that

3are

were measured for bulk BaSnO;

revealed the highest free electron concentrations > 10% cm™
bulk ZnSnO; and InGaZnO, single crystals. Since bulk crystal
growth, in particular from the melt, proceeds near thermody-
namic equilibrium, the incorporation of dopants is much more
limited by solubility constraints than it is the case in thin film
growth. Furthermore, during cooling down of highly doped bulk
crystals from the growth (melt) temperature to room tempera-
ture precipitation of dopants may take place as long as dopant
diffusion is not frozen. Precipitations may lead, in turn, to the
formation of other defects, such as dislocations. In general,
high doping with foreign atoms disturbs single-crystal growth
and results in a deteriorated structural quality. In most cases,
structural defects are electrically active and in TSOs they act
as acceptors compensating intentionally introduced donors.
Another issue with the growth near thermodynamic equilib-
rium is that in wide bandgap semiconductors, as the TSOs are,
self-compensation cannot effectively be suppressed. Either the
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Figure 1: Range of the free electron concentrations at RT in bulk TSO
single crystals grown from the melt (all except SnO,) and from the gas
phase (SnO,). Binary systems are shown in blue, perovskites in green,
Ga-based spinels in red, and the quaternary system InGaZnQ, in grey.
Dopants which turned to crystals into electrically insulating state

or substantially had no impact on the electrical properties (B-Ga,0O;
case) are not included. Annealing Ga-based spinels in the presence of
oxygen, which turned the crystals into electrically insulating state, are
not included as well. Annealed (O,) and (H,) refer to annealing in the
presence of oxygen and hydrogen, respectively.
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doping atom enters different lattice sites where it acts as donor
or acceptor, or its incorporation favours the formation of com-
pensating intrinsic defects (e.g. cation vacancies). On the other
hand, the free electron concentration can be higher in thin
films than that in bulk crystals shown in Fig. 1. For instance,
the free electron concentration in -Ga, O, films grown by metal
organic vapour phase epitaxy (MOVPE) was reported at a level
of 8x 10" cm™ [87], in In,0, films grown by molecular beam
epitaxy (MBE) of 2 x 10%! cm™ [88], in ZnO films grown by
MBE of 4.1x 10" cm™ [89], in SnO, films grown by MBE of
2.6 x10%° [90], and in BaSnO, films grown by laser ablation
of ~10?! cm™3 [91].

The essence of the present work is shown in Fig. 2 describ-
ing an experimental relation between the Hall electron mobil-
ity py and free electron concentration #, in the log-log scale.
Generally, at moderate and low #, values (< 10" cm™) py, is
limited by phonon scattering, which is defined by the compound
and its crystal structure. On the other hand, at high n_ values
(>10" cm™) py is limited by impurity scattering. This is why
one may expect a gradual decrease of yyy with n, if these two
scattering mechanisms dominate. This relation is met by the
binary systems p-Ga,03, In,0;, ZnO, and SnO,. It should be
stressed, however, that the electron mobility is affected not only
by the phonon and impurity scattering, but also by scattering
on structural (dislocations, stacking faults, precipitations, grain
boundaries, twins, etc.) and point (vacancies, interstitials, substi-
tutions, complexes, impurities, etc.) defects that can be present
in bulk crystals at different concentrations. This can be seen by
data scattering in Fig. 2. For instance, the data scattering range
of p-Ga,0O; and ZnO is narrow indicating high structural qual-
ity of the crystals, while it is wider for SnO, and In,Oj; crystals,
which indeed, often showed either low-angle grain boundaries
as the result of the growth from the gas phase (SnO,) or the

400

-

(=

o
L

50
40

Hall mobility [cm2V-1s™1]

301 » B-Ga0; ¢ In,04
20 * ZnO + SnO, ™
v BaSnO; » ZnSnO;

4 ZnGay04 ¢ InGazZnO,

10

1617 1618 1619 1620
Free electron concentration [cm™]

101

Figure2: Log-log relation between Hall electron mobility and the free
electron concentration at RT for bulk TSO single crystals grown from the
melt (all except SnO,) and from the gas phase (Sn0O,). The solid lines refer
to the measured values, while dashed lines to extrapolations assuming a
similar trend to binary compounds (i.e. phonon scattering limitation).
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formation oxygen vacancy clusters, being actually metallic In
clusters, in In,05 [92].

Among ternary (ZnGa,0,, MgGa,0,, BaSnO;, and ZnSnO;)
and quaternary (Zn,_ Mg Ga,0,, InGaZnO,) compounds only
ZnSnO; show a similar trend to binary compounds, but it is
based on fewer number of measured samples having only high
values of electron concentration. Other compounds within this
group show a different behaviour.

A reverse py — n, relation at lower doping level of ZnGa,0,
(n,<2x 10" cm™) is likely defect related. In fact, we observed
inside the crystals nanoparticles of metallic nature [39] that
might form nano-Schottky contacts with the semiconducting
host material resulting in charge carrier depletion zones around
them with increasing extension at lower 7, leading eventually
to complete blocking of current flow and apparent mobility col-
lapse. In contrast, the depletion zones shrink with increasing n,
and allow current flow which eventually is limited by ionized
impurity scattering. Both effects make a bell-like shape of the
Uy — n, relation. Reducing or eliminating the nanoparticles in
bulk ZnGa,O, crystals may increase yy values to high levels
(about 200 cm? V™! s7!) at low n, values, as indicated by the
dashed line in Fig. 2. Moreover, as intentional dopant concen-
tration in ZnGa,O, crystals is lower than the n, concentration,
that possibly arises from antisite defects [38], intentional doping
might not be effective. A similar shape of the yy; — n, relation is
also obtained for InGaZnO, in which we found inclusions of the
secondary phase In,Ga,ZnO,. The formation of this secondary
phase was also pointed out during growth of InGaZnO, single
crystals by the Optical Floating Zone method at a low gas pres-
sure [93]. Also, ZnSnO; crystals contained traces of the second-
ary phase Zn,SnO,. Single crystals of MgGa,O, (not shown in
Fig. 2) showed low yy; values of 4-7 cm? V™! 57! [38]), while
Zn,_ Mg Ga,O, (not shown in Fig. 2) an increase of yy with
n, in the range of 8-32 cm? V™! s, which is the result of an
increase of Zn in favour of Mg concentrations [38]).

Bulk BaSnOj single crystals present a special case. When
undoped or La-doped at low level, n,< 10" cm™, py; values
are low, about 50 cm? V™! s7!. The situation drastically changes
with higher La-doping levels (1, > 10'* cm™3), when Hall mobil-
ity jumps to high values, about or above 200 cm? V™! 5”1, High
electron mobility at high free electron concentrations has been
explained by a physical separation of the doping sites (La**
replaces Ba®" in the Ba-subnetwork) and conduction channel
(Sn-subnetwork) that minimizes scattering at ionized impuri-
ties, high dispersion of the bottom part of the conduction band
enabling high mobility, low effective electron mass, and high
dielectric constant that enhances scattering screening arising
from different sources [35, 83, 102, 103]. The highest reported
py value for flux-grown La-doped BaSnOj single crystals is
320 cm? V™! 57! [102]. Doping the conduction channel (Sn-

subnetwork) with Sb resulted, indeed, with much lower py

www.mrs.org/jmr

December 2021

Issue 23

Volume 36

Journal of Materials Research

4750



N

7 m

Journal of
MATERIALS RESEARCH

values, below 100 cm? V™! s7! [83]. Similar situation may be
expected for other ternary and quaternary systems, in particular
for ZnSnOj;, ZnGa,0,, and InGaZnO, single crystals when of
high crystalline perfection. Indeed, these compounds revealed
relatively high yy;>100 cm® V™! s7! at high #,> 10" cm™. We
would like to stress, however, that BaSnOj; crystals grown from
the melt also contains nanoparticles of metallic nature that may
significantly decrease the electron mobility at low doping level,
in a similar way to ZnGa,0O, discussed above.

The difference in the yy — n, relation between the dis-
cussed binary and ternary/quaternary systems seems to be
related to a higher probability of the formation of both struc-
tural and point defects in the latter case, as discussed above.
Two and three cations in the ternary and quaternary systems,
respectively, increase the degree of freedom of various defect
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Figure3: Maximum values of the Hall electron mobility at RT measured
on bulk TSO single crystals grown from the melt (all except SnO,) and
from the gas phase (SnO,). Binary systems are shown in blue, perovskites
in green, Ga-based spinels in red, and the quaternary system InGaZnO,
in grey.

formation, which is enhanced by different partial pressures of
cation-containing species leading to a fast composition shift
during growth from the melt at high temperatures. Reduction
of the defect density affecting the electrical properties in the
ternary/quaternary systems, which is a really challenging task,
would bring the yyy — n, relation closer to that of the binary
systems with high Hall mobilities (> 150 cm? V71s7Y) at low
n, values, as indicated by extrapolated dashed lines in Fig. 2.

Finally, Fig. 3 demonstrates a comparison of maximum gy
(Uy_pax) Values of the discussed bulk TSO single crystals we
measured. Out of 10 compounds, the highest pp;_y., values,
above 200 cm? V! s7, are shown by SnO,, BaSnO;, and In,0,.
Within a lower range of 150-200 cm? V™' s™! are -Ga,0; and
ZnO, between 100 and 150 cm* V™' s™! are ZnSn0O;, ZnGa,0,,
and InGaZnO,, while below 100 cm® V™' s7! are Ga-based
spinels containing Mg, i.e. MgGa,0, and Zn,_ Mg Ga,0,. The
record piyy y. =240 cm? V! s7! belongs to undoped Sn0O,, also
La-doped BaSnO, showed similar value of 225 cm? V™! s7!. Tt
seems that Sn-subnetwork in a crystal lattice enables a good
electron transport with a high mobility. Undoped ZnSnO,
shows lower mobility than La-doped BaSnO;, but better
than ed BaSnO; [33]. The transport mechanism in undoped
ZnSnO; and BaSnOj; crystals might be different than that of
La-doped BaSnO; where the La-doping takes place at the Ba-
subnetwork, while the transport through the Sn-subnetwork.

A comparison of the py;_y. values from the present study
and those ever reported for the compounds discussed here
along with the predicted values is summarized in Table 4. It
shows that py_,., values for bulk single crystals may reach
those concluded as intrinsic limits (predicted). However, not
all predicted values include all possible scattering mecha-
nisms. Also, thin films of high structural quality and purity
(here f-Ga,0; and In,0;) resulted in higher pyy_p,, Values as
compared with bulk crystals.

TABLE4: Maximum values of

Hall electron mobility b at Compound ;[JCHr;],gv:F??]ent work Un-max=literature [cm? V™" s7] pl:gc_j';/\catxgd
RT measured on bulk TSO single [em2V-1 s
crystals (present work) compared
with those reported in the B-Ga,0, 160 194 Films-MOCVD [94] 220 [95]
literature and predicted. In,0; 213 226 Films-PAMBE [96] 274196]
ZnO 187 230 Bulk-hydrothermal [97] 233[98]
Sn0O, 240 260 Bulk-CVT [99] 265[100]
ZnSn0O; 126 25 Films-sputtering [101] -
BaSnO; 225 320 Bulk-flux [102] 330[103]
MgGa,0, 7 - -
Zn,_Mg,Ga,0, 32 - -
ZnGa,0, 107 20 Films-MOCVD [104] -
InGaZnO, 127 =100 Bulk-OFZ [93] 150-200 [105]

MOCVD metal-organic chemical vapour deposition, PAMBE plasma-assisted molecular beam epitaxy, CVT

chemical vapour transport.
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In the present work, we summarized basic electrical prop-
erties, i.e. free electron concentration (n,) and Hall elec-
tron mobility (uy), of bulk single crystals of the TSOs,
including binary (B-Ga,0;, In,0;, ZnO, SnO,), ternary
(ZnSnO;, BaSnO;, MgGa,0,, ZnGa,0,), and quaternary
(Zn,_Mg,Ga,0,, InGaZnO,) systems. Nine out of ten inves-
tigated compounds were grown directly from the melt at tem-
peratures between 1700 and 2000 °C, and one (SnO,) from the
gas phase at the temperature of about 1600 °C.

A large data set of electrical measurements revealed n-type
conductivity of all of the compounds. #, values span for the
investigated compounds between 5x 10'* and 5x 10** cm™
with p-Ga,0O; and In,0; having the widest doping range,
above 3 and above 2 orders of magnitude, respectively.
Bulk B-Ga,0;, SnO,, BaSnO;, MgGa,0,, ZnGa,0,, and
Zn,_ Mg Ga,0, single crystals can be turned to electrical
insulators, while others always remain at electrically conduct-
ing state independent on doping and/or annealing. The high-

est n, values > 102 cm™

were measured for bulk InGaZnO,
and ZnSnO; without any intentional doping.

The highest values of p; >200 cm® V™' s™! were measured
for SnO,, BaSnO;, and In,0; single crystals. Ga-based spi-
nels containing magnesium showed the lowest yy; values <32
cm? V™! 57!, Some of the compounds, in particular all binary
systems, well follow the yy; — n, relation limited by phonon
scattering at lower doping range (1, < 10'® cm™) and by impu-
rity scattering at higher doping range (1, >10'® cm™). This
relation is different, in particular for ZnGa,0, and InGaZnO,,
likely due to structural defects and secondary phase traces,

and for BaSnO; that depends on the doping level.
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