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The establishment of a reliable method for the growth of bulk In-Ga-Zn-O single crystals is important not
only to investigate the fundamental and peculiar properties specific to this material but also for its develop-
ment for novel functional devices. Large bulk single crystals of InGaZnO,4 have been successfully grown
using an optical floating zone method under a flow of dry-air at high-pressure. The stoichiometric
InGaZnOy single crystals were obtained at a gas pressure of 0.9 MPa using a feed rod with a Zn-rich com-
position, where the lattice constants are a = 3.2990(4) A and ¢ = 26.018(3) A as the hexagonal expression
for the rhombic system (space group R3m, No. 166). The as-grown single crystals exhibit a blueish colour,
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but become transparent after annealing in oxygen. Upon post-annealing, the carrier density, the conductiv-
ity in the ab-plane and the mobility at room temperature changes in the range from ~10%° to ~10Y cm™,
from ~2000 to ~1 S cm™, and from ~100 to ~10 cm?/(Vs), respectively. In addition, we found that the
conductivity along the c-axis is much lower than that of the ab-plane in InGaZnO, single crystals, and that
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1. Introduction

Transparent conducting oxides (TCOs) have received consider-
able attention as materials for transparent electrodes, high-
performance thin film transistors (TFTs) for liquid displays
and organic light-emitting diodes. In general, electrical con-
ductivity and transparency are incompatible and therefore
TCOs stand out for their ability to exhibit both characteristics.
A prime example of TCOs is multicomponent oxides, which
can exhibit a variety of crystal structures and a range of func-
tional properties suitable for device applications. In addition,
ionic oxides containing post-transition metal cations with the
electronic configuration (7 — 1)d"’ns® can become TCOs." One
such example is the In-Ga-Zn-oxides, where the electronic
configurations of In**, Ga*" and Zn*" are 4d'%5s°, 3d'%4s° and
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the anisotropy increases with decreasing carrier density.

3d"°4s°, respectively. These are a family of compounds with
the general formula (InGaOs3),,(Zn0),, (m, n = natural number;
hereafter referred to as IGZO-mn), and were originally synthe-
sized by Kimizuka et al.>”

A multicomponent oxide with a layered structure is
expected not only to exhibit anisotropic conduction proper-
ties but also to show other interesting phenomena®® such as
high temperature superconductivity in multicomponent ox-
ides containing Cu. Here, a series of IGZO-mn is a
multicomponent oxide with a layered structure. Therefore,
materials like IGZO-mn have attracted significant attention.

In particular, IGZO-1n thin films, which include
amorphous-IGZO (a-IGZO)° and c-axis-aligned crystal I1GZO
(CAAC-IGZ0),"”"" are promising channel materials for TFTs,
due to their high-mobility”'* and high optical transpar-
ency.”"*'* Furthermore 1GZO-1n-based TFTs exhibit not only
a higher on-state current but also an extremely lower off-state
current."*'>'® Therefore, the 1GZO-mn TFTs are already a
common component in liquid crystal displays.'” In optoelec-
tronic devices for industrial applications, materials having
high electrical conductivity and a large energy gap are useful.
In this view, polycrystalline IGZO-11 (i.e. InGaZnO,) exhibits
the highest conductivity and the largest optical band gap
among the IGZO-1n family."® Therefore, due to its optoelec-
tronic properties, IGZO-11 will be the most attractive material
for industrial applications. However, single crystals of bulk
IGZO-11 with a sufficient size to measure their physical
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properties have not yet been achieved and so the precise in-
trinsic properties of IGZO-11 crystals remain unknown. The
motivation of the present manuscript is to establish a reliable
method for the growth of large, high-quality bulk IGZO-11
single crystals and to determine its electrical and optical
properties.

However, the growth of IGZO-11 single crystals is difficult
for three main reasons: 1) IGZO-11 exhibits a
multicomponent layered structure, which easily leads to de-
fect formation during single crystal growth. 2) One of the re-
quired reactants ZnO has a high-vapour pressure, and evapo-
rates easily at the high-temperatures required. 3) It is unclear
if IGZO-11 is a congruently or incongruently melting mate-
rial. Even the melting point has not yet been determined and
therefore determining the required synthesis parameters is
challenging.

Currently, the growth of IGZO-11 single crystal has been
done using solid state reaction methods."”?° However, these
methods also produce a high quantity of defects, and the cat-
ion ratio is reported to be In:Ga:Zn = 30:39:31.>° In addi-
tion, the size of the crystals is considerably small, of the or-
der of a few hundred micrometres.”® The growth of single
crystalline thin films of IGZO-1n using the so-called reactive
solid-phase epitaxy (R-SPE) method has been achieved by
Ohta et al.”" This is due to the fact that IGZO-11 does not ex-
hibit a liquid phase at temperatures lower than 1550 °C, that
is, liquid-phase epitaxy and vapour-liquid-solid methods
cannot be used to grow IGZO-11 thin films. The R-SPE
method was developed from a method originally reported by
Isobe et al.,>> who achieved the growth of small single crystal-
line grains of LuFeO;(ZnO) which is a isostructural material
with IGZO-11. However, high-quality bulk single crystals have
not been realized yet. Thus, it is necessary to develop a new
and different crystal growth method to obtain high-quality
macro-sized IGZO-11 single crystals, which will allow for the
analysis of its intrinsic properties.

The use of methods such as the Czochralski- and
Bridgman-techniques, which are based on the supercooling
of the liquid phase, can be applied only to congruently melt-
ing materials. On the other hand, an optical floating zone
(OFZ) method*® can be applied to both congruently>* and in-
congruently®*® melting compounds if a stable liquid-phase
can be achieved. Therefore for IGZO-11 which may be an in-
congruently melting material, the application of a solution
growth method such as the OFZ method is instead a poten-
tial solution. In this case, the driving force of the crystalliza-
tion is supersaturation, which originates from the slow
cooling of the solution and evaporation of the solvent. The
OFZ method is particularly advantageous to grow large, high-
quality single crystals, and it is due to the liquid-phase
method that no crucible is necessary.

Up to now, the transport properties of the IGZO-1n family
have been extensively studied. Most studies have been
conducted on polycrystalline samples,'>'®?® single crystal
thin films'*?” and amorphous thin films.>*° In addition,
TFT characteristics using a-IGZO and/or CAAC-IGZO films
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have been investigated.”'®'>'7*3” In contrast, there have
been few detailed investigations of the physical properties of
bulk IGZO-mn single crystals such as IGZO-11. If a reliable
synthesis method can be established, the intrinsic-properties
of IGZO-mn single crystal such as its electronic structure,
bulk conductivity, mobility and thermal properties can finally
be clarified. In general, thin film transport data may differ
from those of bulk single crystals, since lattice mismatch be-
tween the film and the substrate can affect the measured
properties.®® Furthermore, for polycrystalline samples it is
impossible to investigate the anisotropic properties of the
electrical conductivity etc. Consequently, the intrinsic carrier-
generation mechanisms of IGZO-11 have not yet been fully
clarified. In addition, the material is prone to develop defects
during crystal growth such as (i) cation-defects, (ii) oxygen-
vacancies and (iii) substitution among cations (antisite). As a
result it is difficult to determine the fundamental properties
which derive the original crystal structure of IGZO-11 rather
than those that are the consequence of structural defects.

In this paper, we report a novel and reproducible method
for the growth of the large and high-quality IGZO-11 single
crystals. Our method incorporates the use of OFZ under high-
pressure using a feed rod with a Zn-rich composition. We vi-
sually confirm the presence of a stable liquid phase at a pres-
sure of ~0.9 MPa. In addition, it is found that IGZO-11 is an
incongruently-melting compound and melts at about 1650
°C. By obtaining large, high-quality single crystals we are able
to determine the intrinsic transport properties such as the
anisotropic electrical conductivity. We find that the ratio be-
tween the in-plane and out-of-plane conductivity strongly de-
pends on carrier density. In addition, post annealing in oxy-
gen was applied to elucidate the relationship between oxygen
vacancy and the physical characteristics of IGZO-11.

2. Experimental details
2.1. Single crystal preparation

IGZO-11 single crystals were prepared using an infrared im-
age furnace equipped with double ellipsoidal mirrors (NEC-
SCII-EDH) where 1.5 kW halogen lamps were used as a heat
source. The synthesis details are as follows:

The feed rods were prepared by a standard solid-phase re-
action method using high purity reactants. Firstly, In,O3,
Ga,0; and ZnO powders (purity 99.99%) were preheated at
1250 °C in air for 24 h. Using a molar ratio of 1:1:2 + x (0 <
x < 0.2) of In,03:Ga,0;:Zn0O, the powders were mixed in
ethanol using an agate mortar for 30 min. After drying, the
mixture was ground further for another 2 h and (i) calcined
at 1250 °C for 2 days. (ii) The calcined powder was then
reground for 1-2 h. Processes (i) and (ii) were repeated twice
more. The prepared mixture was tightly packed into a rubber
tube with 6 mm in diameter, which was then evacuated using
a rotary pump for 30 min in order to increase both its density
and uniformity. The tube was then hydrostatically pressed at
a pressure of 18 MPa for 15 min to form a rod-like shape.
The rod was sintered at 1250 °C for 24 h in air. A sintered

This journal is © The Royal Society of Chemistry 2019
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rod with a ~5 mm diameter was typically 100-150 mm in
length.

The sintered rod can also be used as the support rod
(prior to the formation of the first batch of single crystals,
which are later used as the seed). The feed and support (or
seed) rods were set into an infrared radiation furnace. Single
crystals of In-Ga-Zn-O have been grown at a growth rate of
1.9 mm h™*, gap speed of 2.0 mm h™ under a constant gas
flow of dry-air with a pressure in the quartz tube in the range
of 0.1-0.9 MPa. The upper and the lower shafts were counter-
rotated at a rate of 16 and 14 rpm, respectively, to minimize
the diffusion layer close to the crystallization front by thor-
ough mixing of the solvent zone.

In order to investigate the effect of oxygen defects, cleaved
single crystals with a thickness of approx. 0.2 mm and a
length of around 1-5 mm are annealed under a flow of O, at
800-1250 °C for between 10 h-2 weeks.

2.2. Characterization of single crystals

Powder X-ray diffraction (PXRD) was performed in the range
of 4° < 20 < 90° with a RINT2500V diffractometer (Rigaku,
Japan) using flat plate geometry with Cu-Ko radiation (1 =
1.5418 A). Lattice constants were calculated using the least-
squares method for patterns with 15 reflections or more,
where Si powder was used as the standard specimen to deter-
mine the d-spacing. In order to determine the composition
ratio for the as-grown crystals, X-ray fluorescence (XRF) analy-
sis was performed on bulk single crystals (size: 2-4 mm)
using a JSX-1000S spectrometer (JEOL, Japan) with a 0.9 mm
diameter spot.

The optical transmittance spectra of the IGZO-11 single
crystals (thickness 0.195 mm) were measured before and af-
ter annealing with a U-3010 spectrophotometer (Hitachi
High-Tech Science Corporation, Japan). By assuming that the
reflectance R can be ignored, the absorption coefficient o
was calculated by o = -In{T/(1 - R)*}/d ~ -In(T)/d, where T is
the transmittance and d is the thickness of a single crystal.
The optical band gap E, of the bulk single crystals is evalu-
ated using the Tauc method.***° It is known that the absorp-
tion coefficient « is related to the incident photon energy hv
by the following formula,

ahv = f(lw - Bg)Y

where f is a constant termed the band tailing parameter, N is
the power factor of the transition mode and depends on the
nature of the material, e.g. crystalline or amorphous, and the
type of photon transition. That is, the N values can be 1/2, 2,
3/2, and 3 for direct allowed, indirect allowed, direct forbid-
den and indirect forbidden transitions, respectively. It is
reported that IGZO crystals have an indirect band gap from
band calculations.*"

The dc in-plane electrical conductivity o,, was measured
by a four-probe method at a temperature range of 4-300 K,
where Ag (or Au) paste was used for the electrical contacts.

This journal is © The Royal Society of Chemistry 2019
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Out-of-plane conductivity o. was also measured with a four-
probe-like method, where in the case of the thinner single
crystals the voltage contacts were attached to the centre of
the flat surface (ab-plane) and the current contacts were at-
tached to cover most of the remaining space of the sample.
Alternatively in the case of thicker crystals (thickness > 1
mm) the voltage contacts were attached to the side of crystal,
which is perpendicular to ab-pane and the current contacts
were attached to cover the ab-plane of single crystal by Ag (or
Au) paste. The Hall resistivity was measured by a 6-wire
method using a physical properties measurement system
(Quantum Design Co., Ltd), where a magnetic field of +5 T
was applied perpendicular to the current flow (ab-plane). The
carrier density n. and Hall mobility y. were estimated from
the Hall coefficient Ry using the relation n. = 1/gRy and p. =
oapRy, Where ¢ is an elementary charge.

3. Results and discussion

3.1. Optimal conditions for the growth of bulk IGZO-11 single
crystals, and their characterization

IGZO-11 crystals were first grown using the OFZ method un-
der atmospheric pressure. During the synthesis, the vaporiza-
tion of a substance from the molten zone was observed (al-
though the IGZO-11 rod completely melted at temperatures
above 1650 °C). The vaporized substance deposited on the
quartz-tube walls which line the infrared radiation furnace.
The substance evaporated and deposited is identified as
mainly crystalline ZnO using PXRD analysis. However, it ap-
pears that some oxides consisting of both In and Zn are also
present, and here they are presumed to be In-Zn-O-based
compounds such as In,0;(Zn0),, (see Fig. S17). In addition,
the Bragg reflection peaks are quite broad (but not amor-
phous), and this is typical for XRD patterns where a substance
exhibits small particle size and/or insufficient crystallinity.
Furthermore, the main phase of the as-grown crystals was the
IGZO-21 (i.e. In,Ga,Zn0;) (see Fig. S27). This suggests that the
IGZO-21 is precipitated as the primary phase from the molten
zone as the ZnO vaporises. This can be summarized in the fol-
lowing chemical reaction, 2InGaO;(ZnO)rod — (InGaOj;),ZnO
+ZnO1. This result suggests that IGZO-11 is an incongruently
melting compound. As seen in Fig. S2;f the IGZO-11 phase
was also observed together along with the dominant IGZO-21
phase, implying that the growth of IGZO-11 single crystals is
achievable.

From these results we can conclude that it is necessary to
prevent the vaporization of ZnO, in order to achieve a stable
liquid phase in the molten zone and to precipitate IGZO-11
as the primary product. With this in mind we adopted the
following two methods: (i) conduct the synthesis under a flow
of dry-air to create a pressurized atmosphere of P = 0.1-0.9
MPa, and (ii) use a feed rod with a Zn-rich composition to
provide a continuous supply of ZnO during crystal growth.

In order to find the optimal growth conditions, the synthe-
sis was performed under pressures of 0.1, 0.6 and 0.9 MPa
for feed rods with a stoichiometric ratio (In:Ga:Zn =1:1:1)

CrystEngComm, 2019, 21, 2985-2993 | 2987
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or pressures of 0.8 and 0.9 MPa for feed rods with a Zn-rich
starting mixture (In:Ga:Zn = 1:1:1.1) respectively. The pres-
ence of IGZO-21 was checked by PXRD post synthesis. We
found that the XRD peak-intensity of IGZO-21 decreases with
increasing gas pressure and/or using a feed rod with a Zn-
rich composition (see Fig. S31). This demonstrates that pres-
sures <0.9 MPa are able to effectively reduce the vaporization
of ZnO, but cannot suppress it completely. The ratio of the
reactants, gas pressures, obtained phases and lattice con-
stants of the IGZO-11 (=1114) phase are summarized in
Table 1, where the phases 1114 and 2217 represent InGaZnO,
((I1GZ0-11) and In,Ga,Zn0O; (=IGZ0O-21), respectively.

Under the growth conditions (#P09Z11) outlined in
Table 1, high-quality IGZO-11 single crystals on the cm-scale
were successfully grown as shown in Fig. 1(a) and (b). During
the crystal growth we were able to observe the stable molten
zone at the interface between the liquid and a solid using a
CCD camera.

Fig. 1(a) shows an image of an as-grown IGZO-11 crystal
bar, where growth primarily occurs along the ab-plane. The
obtained crystals exhibit a blueish colour although the
strength of the colour depth depends on the thickness of the
crystal, and the crystals can be easily cleaved. Fig. 1(b) shows
a layer cleaved mechanically from the bar. It has a plate-like
shape, where the clean and flat surface is perpendicular to
the c-axis. This anisotropic crystal-growth is related to the dif-
ference in surface energy at each crystal plane since the
growth rate of the crystal plane with the higher surface en-
ergy increases.

Fig. 2(a) shows the XRD pattern for an as-grown single
crystal (#P09Z11). All the peaks can be assigned to the (001)
reflections of IGZO-11 suggesting that the cleaved surface is
perpendicular to the c-axis. This result is consistent with that
calculated by Yamazaki et al'® who reported that the
smallest cleavage energy was between two (Ga,Zn)O planes.
Fig. 2(b) shows the PXRD pattern for (#P09Z11), where only
the IGZO-11 phase is observed, which confirms the absence
of impurity phases. IGZO-11 crystallizes with the rhombic sys-
tem (space group R3m, No. 166) and the calculated lattice
constants are a = 3.2990(4) A, ¢ = 26.018(3) A as the hexagonal
expression which are almost consistent with those for stoi-
chiometric polycrystalline IGZO-11, where a = 3.2948(1) A, ¢ =
26.071(1) A% 1t is known that the a-axis lattice constant of
the IGZO-11 phase becomes smaller with increasing Zn va-
cancies.?® From Table 1, we can confirm that the a-axis lattice
constants of samples grown at the lower pressures of 0.1 and

View Article Online
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Fig.1 (a) The rod-shaped InGaZnO, crystal grown by the OFZ method
under a pressure of 0.9 MPa and (b) the plate-shaped single crystal
which was cleaved mechanically from the rod-shaped crystal, where
the cleavage plane is perpendicular to the c-axis. The thickness of the
plate-shaped crystal is approximately 0.66 mm.

0.6 MPa (#P01Z10 and #P06Z10) are smaller than those of the
stoichiometric polycrystalline IGZO-11 (e.g. 1114) whose
PXRD pattern is shown in Fig. 2(c). On the other hand, the
lattice constants of samples grown at higher pressures of 0.8
and 0.9 MPa (#P08Z11, #P09Z10 and #P09Z11) are equivalent
to the values of the polycrystalline samples. This coincidence
in the lattice parameters suggests that crystals grown using
the conditions for (#P08Z11, #P09Z10 and #P09Z11) possess
only a small reduction in the amount of Zn vacancies in the
IGZO-11 phase, compared to those for #P01Z10 and #P06Z10.

Since the evaporation of ZnO was observed during the
crystal growth, it is likely that the obtained crystals will still
contain Zn defects. For samples prepared using low-gas pres-
sure, where the ZnO vaporization was not inhibited, IGZO-21
crystals were obtained as the primary product together with
Zn-defect rich IGZO-11 crystals (see Fig. S3t). On the other
hand, samples prepared under pressures of P > 0.8 MPa
combined with a Zn-rich solution, possessed only a small
amount of Zn vacancies. In addition, no IGZO-21 impurities
were present in the crystals grown by the condition of
#P09Z11.

To examine the Zn vacancies in more detail, the composi-
tion ratio of the crystals was measured by XRF. Sample
(#P09Z11) contained no impurity phases (see Fig. 2), there-
fore any deficiency in the amount of Zn can be attributed to
only Zn vacancies in the IGZO-11 phase. Therefore, we can
evaluate the Zn vacancies of IGZO-11 phase by measuring the
composition ratio of #P09Z11. The XRF results for the crystal
(#P09Z11) were In:Ga:Zn = 0.95:1.00:0.94 at%, suggesting
that the amount of cation defects is quite small. This result
is consistent with that of the lattice constants. From these re-
sults, we could confirm that single crystals grown under
high-pressure induced only a small amount of Zn defects.

Table 1 Conditions for the growth of bulk IGZO single crystals using the OFZ method. The molar ratio of the reactants (In,Oz, Ga,Os and ZnO), gas
pressures, obtained phases and lattice constants (a and ¢) of 1114, where InGaO3(ZnO) and (InGaOs3),ZnO is denoted as 1114 and 2217, respectively

Growth condition name In,0; : Ga,0; : ZnO (molar ratio) Gas pressure (MPa) Phase a (A) c (&)
#P01Z10 1.0:1.0:2.0 0.1 1114 + 2217 3.293(4) 26.03(3)
#P06Z10 1.0:1.0:2.0 0.6 1114 + 2217 3.292(2) 26.02(2)
#P08Z11 1.0:1.0:2.2 0.8 1114 + 2217 3.2985(3) 26.016(3)
#P09Z10 1.0:1.0:2.0 0.9 1114 + 2217 3.2995(3) 26.021(3)
#P09Z11 1.0:1.0:2.2 0.9 1114 3.2990(4) 26.018(3)
Polycrystalline 1.0:1.0:2.0 — 1114 3.2986(3) 26.019(3)
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Fig. 2 XRD patterns of IGZO-11 using Cu-Ka radiation (1 = 1.5418 A)
for (a) a single crystal, (b) powder crushed from a single crystal, where
the single crystal is the sample grown by condition #P09Z11 given in
Table 1 and (c) a polycrystalline sample.

This value is much smaller than that of crystals grown by a
solid state reaction method.?® If we assume that Ga did not
evaporate during the crystal growth, we expect that the as-
grown single crystal will be Ingo5Ga; 00Zng 940357, that is to
say, oxygen vacancies are present.

We now focus on the growth conditions for #P09Z11 (see
Table 1). To examine the oxygen vacancies, single crystals
with a size of 3-5 mm were chosen and annealed at 1000 °C
for 72 h under an oxygen pressure of 0.1 MPa. During the
heat treatment, the crystals turned from a bluish colour to
transparent. Fig. 3 shows an image of a single crystal
(#P09Z11) before and after the annealing process. This obser-
vation suggests that the colour-change is possibly related to
oxygen filling the oxygen-defect sites during the O,-annealing
process. This colour-change also implies that oxygen vacan-
cies induce an alteration in the valence states of the three
cations (In, Ga and Zn). However, at this stage it is not clear
which particular cations are affected. Further studies are
needed to determine this.

To investigate the origin of the colour-change and the op-
tical property, transmittance spectral data were collected.
Fig. 4(a) shows the results for the single crystals with a thick-
ness of 0.195 mm. The solid and dotted curves show trans-
mittance vs. wavelength of the incident photon 4 for as-grown
and the post-annealed crystals, respectively. As seen in
Fig. 4(a), the spectrum for an as-grown crystal shows trans-
mittance of ~50% in a wide range of the visible light region
from 380 to 780 nm and there is a slight absorption in the
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Fig. 3 Images for IGZO-11 single crystals (#P09Z11), where (a) is an
image of the as-grown crystal, and (b) is an image of the post annealed

crystal. The annealing was conducted at 1000 °C for 72 h under a flow
O, gas at 0.1 MPa. The thickness of the crystal is 0.195 mm.
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Fig. 4 (a) The transmittance spectra of single crystal IGZO-11 before
(solid line) and after (dotted line) the O, annealing (1000 °C, 72 hours).
The inset in (a) is an enlargement of the region of shorter incident
photon wavelength in (a). The thickness of the sample, d is 0.195 mm.
(b) The adsorption coefficient « vs. wavelength of the incident photon
A for an as-grown and the post-annealed single crystal, where the ad-
sorption coefficient o was estimated using the relation, « = -In(T)/d. (c)
and (d): The /g hy vs. hv plots for (c) an as-grown and (d) the post-
annealed IGZO-11 single crystal.

red light region from 620 to 780 nm, which is due to optical
absorption of the free carriers, that were produced by oxygen
vacancies and other intrinsic defects. This result agrees with
previously published data.>® On the other hand, the spectrum
for the post-annealed crystals shows a high-optical transmit-
tance of >85% for the whole visible light region. Based on
these results, the as-grown bulk single crystals possess oxy-
gen vacancies, which together with other intrinsic defects
produce free carriers (electrons). Since optical absorption of
the free carriers is stronger in the red and infrared wave-
length ranges,*” its absorption leads to a bluish colouration
for the as-grown single crystals which contain more oxygen
defects.

As shown in the inset of Fig. 4(a), a tail-like structure at
shorter wavelengths was observed for the post-annealed crys-
tals. This indicates that the oxygen defects may also affect
the sub-gap states. By using the relation of a = -In(7)/d, the
absorption coefficient o was calculated and o vs. wavelength
of the incident photon 1 for an as-grown and the post-
annealed single crystal was plotted in Fig. 4(b). One will no-
tice the change in adsorption coefficient before and after the
oxygen annealing. So, we need to contemplate the possibility
that the detector of the photo-spectrometer reached its sensi-
tivity level limit and small zero-absorption calibration errors
(e.g:, stray light) may lead to the observed spectral shape. In
our U-3010 spectrometer, stray light is less than approxi-
mately 0.015% with respect to the reference beam, and our
results for the transmittance are in the order of 0.1% in the
majority of the region of the tail like structure. In addition,
in the case of stray light the transmittance exhibits generally
an up-turn-like shape as the wavelength of the incident
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photon becomes shorter, but this was not observed during
our analysis.

Next, in Fig. 4(b), the non-zero absorption coefficient in
the wavelength region greater than 400 nm will be not only
due to be ignoring the reflectance, but also due to the optical
absorption of the free carriers that is stronger in this wave-
length range*> as mentioned above. The fundamental absorp-
tion edge was estimated as about 370-380 nm for the as-
grown crystal and the annealed samples. Fig. 4(c) and (d)

show the ./gmy vs. hv plots for an as-grown and the

annealed IGZO-11 single crystal, respectively, to determine
the optical band gap E,. The optical band gap value was de-
termined from the intersection with the baseline (blue bro-
ken-line) in the low photon energy (Av) region of the extrapo-
lation of the linear section (green dotted-lines) of the plot.
The value of the optical gap for the as-grown and annealed
IGZO-11 single crystals was determined as ~3.27 eV and
~3.25 eV, respectively. The slight shift is due to Burstein-
Moss effect and suggest that the IGZO-11 single crystal is a
degenerate semiconductor and the oxygen defects supply the
carriers. In addition, it is important to notice that obvious
changes were observed at two locations in the higher photon

energy region in the /gy vs. hv curve for the annealed sam-

ples as shown in Fig. 4(d); one occurs at ~3.5 eV, and an-
other at ~4.0 eV, which becomes linear at hv > 4.0 eV. These
features originate from the tail-like structure observed in the
transmittance spectrum (see the inset of Fig. 4(a)). As shown
in Fig. 4(d), the observation of the change of slope at ~3.5 eV
after O,-annealing indicates that the deep impurity states,
which locates at near the valence band maximum (VBM), in-
duced by oxygen defects became smaller. However, the new
linear part (hv > 4 eV) is a feature that appears from a very
small transmittance portion, which is near our detector's sen-
sitivity level limit, so this observation will be regarded as a
measurement artifact.

3.2. Electrical transport properties

Fig. 5(a)-(c) show the Arrhenius plots of the in-plane electri-
cal conductivity o,,(7), the carrier density n.(7T) and the Hall
mobility u.(T) of the bulk IGZO-11 single crystals, where it
was confirmed from the sign of the Hall coefficient that the
charge carriers are electrons. The o,,(7) for as-grown IGZO-11
single crystals exhibits almost T-independent behaviour, so
called degenerate conduction. The 0,,(300 K) of the as-grown
IGZO-11 is in the range of 300-2000 S cm !, and the 0ap(300
K) values can be controlled by careful selection of both the
annealing temperature (Tunnea) and annealing time, that is,
we can control the ¢,,(300 K) value to within the range of
0.9-200 S cm™* (see Fig. 5(a)). Here, the origin of the scatter-
ing of the 0,,(300 K) value, is likely to be related to the
amount of oxygen vacancies and the disorder of the
conducting layer [InO,] such as anti-site defects.

The effect of the Tynnear is shown in the inset of Fig. 5(a),
where samples with almost the same 0,,(300 K) were used,

2990 | CrystEngComm, 2019, 21, 2985-2993

View Article Online

CrysttngComm

=)
T
%
3
®
3
3
00

H

;
81
8
W
i
§

i

Conductivity (S/cm)
388
— T
!*3
H
o
L \/
1 L

o (S/cm)
&

L L

o 100 200 300
Temperature (K)

L 1 h

2 4 6 8 10 12 14 16

1000/ (K™

102 < ne < 10

28835
- oo ol
e > @cP0000 0:8:9: 8 O <0 -0 =< --0-- -~
E L N R
S 10°F g 10 R E
< ey % e~ 1019
2 e
10°F _ 4 10°E 4

ne < 1018

PR ol
2 4 6 8 10 12 14 16 2 4 6 8 10 12 14 16

1000/7 (K 1000/T (K

Fig. 5 Arrhenius plots of (a) the in-plane electric conductivity o,,(T),
(b) the carrier density ne(T) and (c) the hall mobility u.(T) for bulk
IGZO-11 single crystals. Inset in (a): The annealing temperature (Tanneal
effect of the o, of IGZO-11, where the T,nnea for purple and red cir-
cles are 800 and 1000 °C, respectively, and the annealing time for
both samples was fixed at 10 h.

and the annealing time was fixed at 10 h. From the inset of
Fig. 5(a), one may notice that the higher T,,nea induces a
larger change in o,,(7), revealing that bulk IGZO-11 single
crystals have good controllability for carrier generation. This
characteristic is a property suitable for device application. In
addition, when the ¢,,(300 K) becomes less than 50 S cm™
by O,-annealing, the o,,(7) shows thermally activated behav-
iour as shown in Fig. 5(a).

The temperature dependence of the carrier density ne(7) is
shown in Fig. 5(b), where n.(300 K) of the IGZO-11 single
crystals is in the range of 7 x 10" to 6 x 10" em™, and n.(T)
exhibits almost T-independent behaviour. However, the mo-
bility u.(T) decreases with decreasing T, when (300 K) < 20
em?/(Vs) which roughly corresponds to 7.(300 K) < 10" em™.
However, when 1.(300 K) exceeds ~10"° ¢cm™, the behaviour
of u.(T) changes to T-independent behaviour, suggesting de-
generate conduction as seen in Fig. 5(c).

The qualitatively similar behaviour of n.(T), o.,(7) and
He(T) has been reported for single-crystalline thin films of
InGaO3(ZnO)s (=sc-IGZO-15), but the threshold value of the
carrier density ny,(300 K) between the degenerate conduction
and T-dependent conduction is different, where the ng(300
K) of IGZO-15 films was ~3 x 10'® em™,*” but the n(300 K)
of IGZO-11 bulk single crystals was ~10" ¢cm™. Concerning
to the difference of n,;,(300 K) between the two kinds of sam-
ples, this is likely to be due to the number of ZnO layers and/
or the difference in type of sample (i.e. thin films or bulk sin-
gle crystals).

Given the layered structure of IGZO-mn, it is expected that
IGZO-mn exhibits anisotropic electrical properties since non-
relativistic first-principles calculations®® show that the

This journal is © The Royal Society of Chemistry 2019
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electronic structure of IGZO-11 is two dimensional. The
electronic state at the edge of the conduction band is formed
by an overlap between the In-5s orbitals. The doped electrons
are delocalized in the InO, layer, but the energies of Ga-4s
and Zn-4s bands are too high to be doped with electrons.*
However, conductivity along the c-axis (o.) has not yet been
reported. Fig. 6 shows the representative 7-dependence of o,
and o, of as-grown IGZO-11 single crystals, where both each
oap and o, were measured using the same fragment of crystal,
and then compared. The magnitude of . at 300 K was in the
range of 0.2 to ~50 S cm ', which is considerably smaller
than the 0,,(300 K) of the as-grown single crystals. However,
the g,, and o, values at 300 K scatter depending on the qual-
ity of the crystals. If we compare the maximum ¢, and mini-
mum o, for as-grown IGZO-11, the ratio o,p/o. is ~6. How-
ever, if we compare o, and o,;, in the same crystal, the ratio
0an/o. becomes more than 40 as shown in Fig. 6 and 7. The
ratio becomes larger for crystals with lower o,;, (Which corre-
sponds to a lower carrier concentration) as shown in Fig. 7.
Since the conduction bands are mainly formed by the spheri-
cal spread In-5s orbitals, where the overlap between In-5s or-
bitals is large in the direction of the ab-plane. The large over-
lap brings about highly dispersed conduction bands, that is,
small effective mass. However, the In-In distance along the
c-axis is much longer than that along the ab-plane. Therefore
the overlap of the wave-function is smaller in c-axis direction
and results in a large effective mass. This could be the origin
of the anisotropic conductivity for IGZO-11 crystals. The re-
sult indicates that the anisotropy will be smaller when Zn is
replaced by elements of greater atomic number (e.g. Cd etc.).
Because not only is the spatial spread of the 5s-orbitals for
Cd*" larger than the 4s-orbitals of Zn*, but also the energy
level of the Cd** 5s-orbitals will be deeper than that of Zn**
by the relativistic effect, and it will be almost same as the en-
ergy level of the In** 5s-orbitals. That is, the doped electrons
will be able to move along the c-axis. In addition, this model
indicates the conductivity along c-axis will become worse as n
in IGZO-1n increases. However, the relation between the
c-axis conductivity and the number of ZnO layers n will be
the subject of a later study.

€
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Fig. 6 Comparison of typical conductivities for in-plane (s,,) and out

of plane (o) of three as-grown IGZO-11 single crystals. (#A, #B and

#C). The anisotropic ratio o.p/o. for single crystal #A, #B and #C is
more than 40.
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As Kamiya et al. reported, the carrier transport properties
of In-Ga-Zn-O thin films show some unusual characteris-
tics.>>** These include (i) the Hall mobility increases with in-
creasing carrier density, which is the opposite of the standard
behaviour for single crystalline semiconductors such as
B-Ga,0s;. (ii) The maximum Hall mobility of a-IGZO film is al-
most the same as that of the crystalline thin films. Therefore,
it is important to investigate if these unusual characteristics
can be observed for bulk single crystals. In other words, are
these properties intrinsic features of IGZOs? Therefore,
(300 K) of bulk IGZO-11 single crystals was re-plotted as a
function of n.(300 K) as shown in Fig. 8, where data for a-
IGZ0,”** sc-1GZO-11,** scIGZ0-15," polycrystalline (pc)
IGZO thin films*’ as well as bulk pc-IGZO-11'* are also plot-
ted for comparison. Concerning the properties of (i) unusual
relation between x.(300 K) vs. n.(300 K), although it is be-
lieved that this unusual behaviour is typical for the thermally
activated conductivity observed in amorphous semiconduc-
tors (e.g. amorphous In-Zn-0*® and a-IGZ0O%*®), our bulk sin-
gle crystals also exhibited the same behaviour. In addition,
some sc-IGZO films have also exhibited the same
behaviour.”?”** However, the Hall mobility of the bulk single
crystals is larger than those of a-, sc-IGZO-1n films and
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Fig. 8 The carrier density dependence of the Hall mobility at 300 K
for bulk IGZO-11 single crystals (purple circles). Hall mobilities u.(n.) of
bulk IGZO-11 single crystals are compared to those of sc-IGZO-11
films (yellow triangles),** sc-IGZO-15 films (blue triangles),%’ a-IGZO
films (white triangles),®*® pc-IGZO films (green triangles)?” and bulk
pc-1GZO (white circles).*?
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pc-IGZO-11, when 1.(300 K) exceeds ~10' cm™, where the
sample exhibits degenerate conduction. The origin of this
difference will be due to the grain boundaries and/or the
decrease of relaxation time by the disorder of the
conducting layer [InO,]” such as anti-site defects. These
properties suggesting that bulk IGZO single crystals have
high potential will be useful in considering device applica-
tion using IGZO bulk single crystals.

Conclusions

Stoichiometric IGZO-11 single crystals on the centimetre
scale have been successfully grown using a high-pressure
OFZ technique. Since an IGZO-11 melts incongruently at
above 1650 °C, optimum conditions to grow single-phase
IGZO-11 require a combination of high-gas pressure and a
feed rod with a Zn-rich composition. Bluish, transparent crys-
tals which favour growth perpendicular to the c-axis were
obtained. The lattice constants of IGZO-11 grown at higher
pressures of 0.8 and 0.9 MPa agree with those of stoichiomet-
ric polycrystalline IGZO-11, indicating that the quality of our
single crystal is considerably high. Furthermore, XRF results
show that the obtained crystals exhibit only a small amount
of Zn and In vacancies. The results of the heat treatment clar-
ified the close relationship between absorption of free car-
riers caused by oxygen vacancies and/or other intrinsic de-
fects, and the crystal's bluish colour. Furthermore, the
optical band gap E, is determined as 3.27 eV for as-grown
IGZO-11 single crystal but it became 3.25 eV by Burstein-
Moss effect after O,-annealing.

The transport properties for bulk IGZO-11 single crystals
are summarized as follows: the carrier density 7n.(300 K) is
controllable within the range of 10'7-10*® em™ at 300 K by
post-annealing in an O, atmosphere. The unusual g, vs. n. be-
haviour (Z.e. the increase in . with increasing n.), which has
already been reported in transport studies for some IGZO-1n
thin films, was also confirmed for bulk IGZO-11 single crys-
tals. This suggests that the unusual behaviour is an intrinsic
characteristic of the IGZO-1n family. However, the values of .
in bulk single crystals are larger than those of sc-IGZO-1n and
a-IGZO thin films as well as bulk pc-IGZO-11. In addition, we
found that the in-plane conductivity is at least more than 40
times larger than the c-axis conductivity and the anisotropy
increases with decreasing carrier density.
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