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ABSTRACT: Polycrystalline indium−gallium−zinc oxide (IGZO)
in the spinel phase was obtained by physical vapor deposition
(PVD), using reactive sputtering from an IGZO target with In/Ga/
Zn = 1:1:1 composition. The initial growth of spinel IGZO is
investigated by X-ray diffraction measurements after annealing the
film. Deposition of spinel IGZO initially starts as a mixed
amorphous/c-axis-aligned crystalline (CAAC) film, after which a
metastable spinel IGZO is formed. Using a template of
polycrystalline spinel Ga2ZnO4, the growth of the spinel phase is
immediately achieved and enables the electrical characterization of
pure spinel IGZO channels in scaled thin-film field-effect
transistors. The average effective channel field-effect mobility of
spinel IGZO of 50 ± 10 cm2/(V s) is slightly higher than
amorphous IGZO in the same devices. This is in line with a slightly lower effective electron mass, as is calculated with density
functional theory. The calculated total energies and band gaps have similar values to CAAC-IGZO. This metastable nature identifies
spinel IGZO as an intermediate phase before the onset of CAAC-IGZO formation during PVD. Spinel IGZO is an interesting
alternative to amorphous IGZO (a-IGZO) and CAAC-IGZO because of potentially higher robustness to oxygen vacancy formation.
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■ INTRODUCTION

Oxides of the In−Ga−Zn family (IGZO) gained a lot of
interest as high band gap semiconductors and are applied as
channels in thin-film devices.1 In particular, the absence of
mobile holes leads to extremely low off-currents (Ioff) in
junction-free field-effect transistors,2 enabling long charge
retention times in optical display systems as well as dynamic
random-access memory (DRAM) cells.3 Since the first
applications in transparent thin-film transistors (TFTs), the
performance of IGZO channels is correlated with their
different morphologies: crystalline and amorphous. The
amorphous phase is beneficial due to its low deposition
temperature and the preservation of relatively high electron
mobility compared to the crystalline material. A field-effect
mobility of 80 cm2/(V s)4 was obtained on monocrystalline
channels of InGaO3(ZnO)5. Polycrystalline films of such a
structure have a Hall mobility of 20 cm2/(V s),55 while
amorphous IGZO (a-IGZO) has a typical Hall mobility of 10−
20 cm2/(V s).6,7 The decrease of mobility for only less than a
decade indicates the limited impact of randomization of atomic
configuration on the electron transport compared to other
semiconductors, like Si and Ge. On the other hand, the onset
of chemical reduction happens at a lower energy for a-IGZO.
The random nature of a-IGZO causes a distribution of oxygen
bond strengths, resulting in easier removal of some oxygen.8

Since the free electron density is related to oxygen

vacancies,9−11 a-IGZO is less electrically stable. Therefore,
the crystalline structure draws a lot of attention in improving
the stability and also in understanding the properties of the
amorphous phase. The IGZO crystal is a relevant starting
model to simulate the electrical behavior of a-IGZO.12

The default crystal topology of IGZO belongs to the
hexagonal family and exists in two polytypes, represented by
the space groups R3̅m (160) and P63/mmc (194). The
structure of both polytypes consists of similar planes of In3+

cations, forming InO2 sheets that laminate separated
GaxZnyO(x+y) layers.13,14 The relatively high mobility in the
amorphous phase is related to the isotropic spread of 5s0

orbitals, especially the ones related to In.15 Enlarged orbital
overlaps increase the delocalization of states at the bottom of
the conduction band.12,16,17 Therefore, electron mobility
increases with increasing In concentration18 and is independ-
ent of the directional arrangement of the metal cations,
preserving the mobility in a-IGZO. Still, crystalline IGZO
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shows different electrical properties like improved thermo-
electric performance,19,20 confinement of holes,21 and enhance-
ment of electrons conduction paths,12,22 resulting in
anisotropic mobility as is observed on grown monocrystals.23

Those effects are all related to the layered arrangement of InO2
segments, where the orbital overlap is maximal. The layered
crystal structure is also characteristic for an intermediate phase
between amorphous and crystalline IGZO, maintaining a
periodic lattice configuration along the c-axis only, while
remaining structureless along the a- and b-axes.24 Modeling
anomalous X-ray scattering showed a preserved middle range
order originating from the InOx planes aligned parallel to
GaZnOy slabs.

25,26 The remaining periodicity along the c-axis
resembles the hexagonal structure of monocrystalline IGZO.
The preferential orientation of the crystals in this film (texture)
is with the alignment of the c-axis perpendicular to the
substrate. This c-axis-aligned crystalline (CAAC) phase can be
deposited with physical vapor deposition (PVD)27 at
deposition temperatures (Td) around 300 °C,28 which is
remarkably lower than the crystallization temperature a-IGZO
(Td ∼ 600 °C7,29,30). CAAC-IGZO is less sensitive for defect
formation,31 resulting in improved performance and better
reliability.32 Similar properties are also assigned to nanocrystal-
line (nc-)IGZO, another intermediate semicrystalline mor-
phology without clear grain boundaries.33

With hexagonal (poly)crystalline, nc-, CAAC-, and a-IGZO,
the morphology of the IGZO family is not complete. In this
work, we show the formation of polycrystalline IGZO with a
spinel polytype, represented by space group Fd3̅m (227). We
refer to this material as “spinel IGZO” to distinguish it from
hexagonal polycrystalline IGZO (“pc-IGZO”). Spinel IGZO
can be obtained by PVD, using intermediating process
conditions compared to a- and CAAC-IGZO. Pure spinel
IGZO (free of CAAC and amorphous phase) is achieved using
a template layer of spinel Ga2ZnO4 (GZO). In this way, the
electrical performance of spinel IGZO is demonstrated in thin-
film transistors (TFTs). With density functional theory (DFT)
calculations, we finally compare the stability of the spinel to the
CAAC phase and estimate the potential benefit in electrical
performance

■ EXPERIMENTAL SECTION
IGZO films are deposited on thermally oxidized 12-in. (100) Si wafers
using reactive sputtering with an Ar/O2 gas mixture on a
polycrystalline InGaZnO4 target (In/Ga/Zn = 1:1:1, JX Nippon) in
an Applied Materials Impulse chamber, installed on an Applied
Materials Endura platform with vacuum load-locks. A degas chamber
is used to remove moisture from at 350 °C in Ar ambient at 3−10
Torr. After degassing, the wafers pass a cooling station and enter the
PVD chamber. A resistively heated wafer chuck with electrostatic
clamping was used to vary Td between 25 and 375 °C. PVD was
performed in an Ar/O2 mixture for which the O2%-flow ratio (RO2

)
ranged between 10 and 90% at 2−5 mTorr pressure. Exploration of
the process window was performed in a similar approach as was done
by Cornell University34 but with a different electric power supply to
the target. Instead of radio frequency (RF) discharge, a magnetron
pulsed DC setup was used. The pulse frequency was set between 50
and 200 kHz with a duty cycle of 5−40%, keeping the total sputtering
power between 200 and 500 W.
Film composition was measured by wavelength-dispersive X-ray

fluorescence spectroscopy (XRF) using a Malvern Panalytical 2830ZT
Wafer Analyzer, equipped with a Rh X-ray source, set at 32 kV and
125 mA. The fluorescent channels of Zn Kα, Ga Kα, In Lα, and O Kα
are carefully calibrated by X-ray photoemission spectroscopy (XPS),
Rutherford back-scattering (RBS), and energy-dispersive X-ray

(EDX) spectroscopy, executed in a transmission electron microscope
(TEM) using a Titan3 G2 60-300 (FEI). The resulting atomic ratio of
In/Ga/Zn is 38:36:26%, for 200 nm a thick IGZO film (RO2

= 90%,
Td = 200 °C). The absolute accuracy, estimated from the systematic
errors of XPS and XRF, is within ±2%. The oxygen atomic
concentration of IGZO was 57 ± 1%, showing a stoichiometric
composition matching the stoichiometry of the binary oxides. The
composition of films, with a thickness of 50 nm or less with different
RO2

and Td are monitored by XRF showing the average composition
to be slightly In-rich and Ga-poor with In/Ga/Zn = 39.7:34.0:26.3%,
all within an absolute variation of ±2% except for films at RO2

= 0%
(33.9:31.4:24.3%) or Td = 300 °C (40.4:35.3:24.3%) (see Figure S.1,
Supporting Information).

X-ray diffraction (XRD) is performed on a Jordan Valley JVX tool
using a Cu Kα source set at a grazing incidence (GI) angle of ω = 1°
for ω−2Θ measurements (GI-XRD) or using an out-of-plane or Θ−
2Θ measurement with a 1° sample tilt. To determine the texture of
the film, the incident beam and detector are fixed to the characteristic
diffraction angle 2Θc, while ω is varied by tilting the wafer (Θ−ω
XRD). Si wafers were always rotated with ϕ = 22° to orient the
Si[001] away from the plane of the X-ray beam path to avoid
detection of residual diffractive scattering in Si substrate. To explore
phase changes during thermal annealing above Td, in situ XRD (IS-
XRD) is performed in an in-house built heating chamber, integrated
into a Bruker D8 Discover diffractometer using a Vantec linear
detector covering a 2Θ range of 20° and a fixed ω = 15°. XRD
patterns for 2Θ = 20−40° are collected every 5 s during heating the
sample at a rate of 0.2 °C/s from room temperature to 900 °C in an
inert He atmosphere. The onset of crystallization of a-IGZO was
observed to occur above ca. 650 °C. For a systematic and detailed
comparison of crystallized IGZO, annealing was done at 700 °C in an
atmospheric batch furnace system in 1 atm O2 ambient for 1 h.

■ MORPHOLOGY

The best condition to deposit CAAC-IGZO is Td ∼ 300 °C
and RO2

= 20−90%.34 Figure 1 shows the evolution of the GI-
XRD spectrum of 50 nm thick IGZO films with increasing Td

for RO2
= 90%. At Td = 25 °C, the spectrum shows the typical

signature of a-IGZO: broad diffraction bands around 2Θ = 32
and 56°.28,34,35 When Td = 300 °C, the band at 56° is

Figure 1. GI-XRD spectra of 50 nm obtained for different Td values
(a). At Td = 200 °C, two peaks are formed at 17.8 and 60° and are an
indication for the formation of spinel IGZO. For 200 nm thick films,
other spectral details appear (b) and are matching with the simulated
diffraction peaks for spinel IGZO with a lattice constant of 8.676 ±
0.11 Å, indicated by the blue vertical lines.
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diminished, while at 32°, a broad asymmetric peak emerges,
shifting down to 30° at a higher temperature. This peak is
related to the formation of CAAC25 and is often attributed to
diffraction to (009) planes, which is the most dominant in the
hexagonal structure of InGaZnO4. Also, the diffractions on
(003) and (006) planes at respectively 10.1 and 20.4° are
visible. Remarkably, before the onset of CAAC formation at
around Td ∼ 200 °C, the spectrum is different with the
appearance of two peaks, one at 2Θ = 17.8° and another at
60.1°. With increasing thickness, other lower-intensity peaks
appear in the GI-XRD spectrum.
The out-of-plane XRD spectrum differs from GI-XRD. Weak

diffraction of a-IGZO is suppressed by the limited path length
of X-rays through the material, so the broad band at 32° is
limited. The perpendicular alignment of the c-axis planes to the
substrate surface enhances the diffraction of CAAC-IGZO and
the dominant (009) diffraction is visible as a clear signature of
this phase. Next to the two peaks, a third peak appears at 2Θ =
35.5° with a maximum at around Td = 200 °C (Figure 2). This
peak is still present as a shoulder in the CAAC diffraction at Td
= 300 °C. In GI-XRD, this peak is only visible in thick IGZO
films.

The three new peaks, most dominating at Td = 200 °C, were
previously linked to the presence of spinel IGZO, formed after
laser annealing of amorphous films.36 The peaks at 17.8 and
35.5° can be assigned to the diffraction from {111} and {222}
planes. An Θ−ω XRD scan (inset of Figure 3) shows the
alignment of the {111} and {222} planes to be within ±8°
parallel to the substrate surface, indicating a texture, identical
to CAAC-IGZO.34 The peak at 60.1° is related to diffraction to
the {440} planes, which have an angle of 35.3° to ⟨111⟩
directions. The ±8° alignment variation in the texture brings
the diffraction of the {440} and {111} planes in the
observation range of GI-XRD configuration, but only in out-
of-plane XRD, all higher diffractions of the [111] direction are
observable (see Figure 3). With increasing thickness, the film
loses texture, which, together with the enlargement of
scattering volume, makes the whole diffraction spectrum of
the spinel phase visible in GI-XRD (Figure 1). Now, also
(311)- and weaker diffractions are detected, confirming the
existence of spinel IGZO with a lattice constant of 8.676 ±
0.11 Å. Grain sizes are calculated from the peak half-width at

full maximum with the Scherrer equation and are in the range
of 10−12 nm for 50 nm thick films.
The spinel polycrystals are smaller and blended with the

amorphous or CAAC phase in the first 20−50 nm of the film.
The amorphous or CAAC phase is formed at the start of
deposition and gradually transforms into the spinel phase. Both
the starting phase and the gradient of phase mixture are
depending on the O2-flow ratio, DC power, and Td. At Td =
200 °C, most spinel phase is found for the highest O2-flow
ratio (90%) and the highest power (500 W) (see Figure S.2,
Supporting Information). To observe the presence of
amorphous IGZO in XRD, annealing at 700 °C in O2 ambient
for 1 h can be used to crystallize the film. Films at Td = 25 °C
are amorphous and crystallize during annealing into pc-IGZO.
The main diffractions of this hexagonal phase are at the (009)
and (101) planes and their closely neighboring position at 2Θ
= 30.8 and 31.47° are merging into a broad peak at 31.3° (see
Figure 4). The diffraction at (003) and (006) planes and other
lower diffractions are also becoming visible due to crystal-
lization.29,30 In the case of Td ≥ 300 °C, the broad diffraction
band of CAAC around 30° narrows and shifts slightly to 30.5°.
This shift is attributed to the further crystallization of CAAC in
which the c-axis alignment loses alignment to the substrate
surface as can be observed by the increase of the other CAAC-
related diffractions at (003) and (006) planes, while other
smaller diffractions related to pc-IGZO remain absent. This
phase is referred to as “poly-CAAC” to distinguish it from the
pc-IGZO and the surface-aligned CAAC. For the Td = 200 °C,
at which spinel IGZO is formed, 700 °C annealing causes
crystallization of the present CAAC/a-IGZO but did not
change the peaks related to spinel IGZO.
Annealing at 700 °C is a useful process step to identify the

presence of a-IGZO and to determine the purity of the other
phases like CAAC and spinel IGZO for different process
conditions. In Figure 5, the spectrum of out-of-plane XRD of
the same 50 nm thick IGZO films as in Figure 2 are shown, but
now after 700 °C annealing. Both the hexagonal and poly-
CAAC phases are identified by their distinct peaks at,
respectively, 31.3 and 30.5°. For the films Td = 25−200 °C,
the hexagonal peak is systematically lowered with increasing Td
and shifts to lower 2Θ. This shift continues with increasing Td
beyond 200 °C, but the amplitude systematically increases

Figure 2. Θ−2Θ XRD spectra for 50 nm thick IGZO deposited at
different Td values, at 500 W and 90% RO2

. The broad peak at around
2Θ = 30° is assigned to the formation of CAAC-IGZO. The sharper
peak at 35.5° is the (222) diffraction of spinel IGZO, which has a
maximum intensity at Td = 200 °C and is indicated by the black line.

Figure 3. Out-of-plane XRD of a 200 nm thick IGZO film deposited
at 200 °C and the theoretical diffractions for spinel IGZO. For this
measurement, the wafer was tilted at 4° to suppress the Si(100)
diffraction at 70°, which still causes an increased background in this
spectrum. The preferential texture in the [111] direction provides
only the observation of (111) and higher-order peaks as indicated by
the blue triangles. In the inset, the peak intensity of (111) and (222)
diffraction is given for tilting the sample.
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again, showing a complete poly-CAAC phase at 300 °C. At 200
°C, the presence of the hexagonal and poly-CAAC is minimal
and both peaks are merged. At this temperature, the spinel
phase, witnessed by the diffraction peak at 35.5°, is at its
maximum intensity. Note that no change in shape or amplitude
of this diffraction peak is observed after annealing, indicating

that no additional spinel phase is formed during annealing.
This stability of the spinel phase is also evidenced by in situ
XRD, as shown in Figure 6. Up to 900 °C annealing, the (222)

diffraction at 35.5° remains stable, while a broad peak centered
at 30.5° starts to appear above ∼650 °C, with a maximum at
the end of the annealing range at 900 °C. The annealing tests
also demonstrate phase stability of spinel IGZO above 700 °C,
a temperature at which a-IGZO crystallizes into pc-IGZO and
causes a collapse of carrier mobility.30,37

We conclude that spinel IGZO is a metastable phase formed
between the intermediate deposition conditions of amorphous
and CAAC. Deposition at Td = 200 °C does not cause the
direct formation of clearly defined spinel crystallites, but rather
a proto crystalline film is formed first. This proto crystalline
spinel phase is present in the first ∼20 nm. The electrical
properties of this proto crystalline film were earlier investigated
by Glushkova et al.38 To study the properties of pure spinel
IGZO, the presence of the proto crystalline interface needs to
be avoided. This can be done by stimulating the formation of
spinel IGZO directly at the start of the deposition using a
crystal template. Crystalline Ga2ZnO4 (GZO) cannot have the
hexagonal structure of pc-IGZO because it lacks indium.
Instead, crystallization happens only into the spinel form and
can therefore easily be obtained. Both atomic layer deposition
(ALD) and combinatorial sputtering can be used to obtain a-
GZO from the co-deposition of Ga2O3 and ZnO. Annealing for
1 h in O2 ambient at 700 °C crystallizes the film into the spinel
phase. When IGZO is deposited on top of GZO, the phase is
also spinel. The lattice spacing of spinel IGZO is 4% larger
compared to GZO. This difference is clearly observed with GI-
XRD, as shown in Figure 7d. Due to the texture, (111), (311),
(422), and (440) are aligned sufficiently to the grazing angle
geometry to cause diffraction. But now, double peaks appear
because of the different lattice spacing between IGZO and
GZO. Despite this lattice mismatch, spinel IGZO grows readily
on the GZO template, preserving its texture.
The transmission electron micrograph (TEM) image in

Figure 7 shows the templating effect by the continuous
propagation of the crystal orientation from the GZO into
IGZO. No distinguishable interruption can be seen at the
interface. Fast Fourier transform images on areas above and
below the interface show electron diffraction in similar

Figure 4. GI-XRD spectra of 50 nm obtained after 700 °C 1 h O2
anneal for different Td values (a). For Td ≥ 300 °C, the CAAC is
crystallized into poly-CAAC. At Td = 25 °C, the initial amorphous
film crystallizes into pc-IGZO and can be distinguished from the
features in the spectra that correspond to the simulated diffractions
(black dots) for hexagonal IGZO. At Td = 200 °C, the spectrum is
hardly changed from Figure 1. Films of 200 nm (b) still show similar
details corresponding to the simulated diffraction of spinel IGZO
(blue dots).

Figure 5. (a) Θ−2Θ XRD spectra after 700 °C O2 annealing of 50 nm
thick IGZO deposited at different Td values, 500 W, and 90% RO2

.
The broad peak at 2Θ = 30.8° is assigned to pc-IGZO, crystallized
from a-IGZO that is mainly formed at low Td (blue curves). For a
high Td, the peak shifts to 31.3° due to the formation of poly-CAAC
(red curves). At a medium Td (around 200 °C, black line), the
amount of pc-IGZO and poly-CAAC is lowest, while the spinel phase
is at maximum as witnessed by a maximum peak intensity of the (222)
diffraction at 35.5°. (b) IGZO (24 nm thick) after 700 °C O2
annealing on a 10 nm spinel GZO template. No (poly-)CAAC- or pc-
IGZO is observed, demonstrating the absence of a- and CAAC-IGZO.

Figure 6. In situ XRD ω = 15°. XRD patterns for 2Θ = 20−40° on 50
nm IGZO in He atmosphere. Crystallization of the amorphous
bottom layer starts at ∼650 °C, while the spinel phase remains intact
up to 900 °C.
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orientation, demonstrating the templating effect. Most
diffraction patterns (Figure 7b) reveal a periodicity oriented
close to the normal of the surface, with the main lattice
spacings (d) in the IGZO film d = 2.557 and 5.117 Å,
matching (222)- resp. (111)-planes, while slightly smaller

lattice spacings are observed for the GZO template below. No
amorphous IGZO could be observed at the interface, despite a
small gradient of In and Ga in the EDX analysis (Figure 7c).
The absence of a-IGZO is further evidenced by submitting the
samples to a second O2 annealing at 700 °C, after the

Figure 7. (a) Cross section of 18 nm spinel GZO with 20 nm IGZO (Td = 200 °C) on top. (b) Fast Fourier transform images of the scans in the
indicated areas showing the crystalline orientation of IGZO to be the same as the GZO beneath. The [111]-direction, related to the surface normal,
is identified by (111)-diffraction spots and is indicated by a red line. (c) EDX cross-sectional maps and line scans of the elemental composition of
the GZO/IGZO stack. (d) GI-XRD scan of the GZO/IGZO, showing double peaks originating from similar diffraction planes but different plane
spacings between GZO and IGZO.

Figure 8. (a) Θ−2Θ XRD spectra of 24 nm thick IGZO deposited at different Td values, 500 W, and 90% RO2
on spinel GZO templates with

thicknesses of ca. 1−3.4 nm. The sharp diffraction peak at 35.5° shows the spinel phase of IGZO. Deposition of spinel IGZO is achieved for
templates as thick as 1.8 nm. For ∼1.0 nm, the IGZO is mainly amorphous. (b) Same, but after 700 °C O2 annealing. No additional crystallization
is observed, except for the lowest template thickness (∼1 nm), the a-IGZO crystallizes into pc-IGZO, indicating the failure of templating.
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deposition of IGZO. No XRD signature of pc-IGZO or an
increase of spinel IGZO has been observed as shown in Figure
5b. Only the (222) peak at 37.3° of the spinel GZO template is
now visible, next to the one of IGZO. The spinel GZO
template can be thinned down to 1.8 nm while preserving its
templating effect (Figure 8). Only at 1 nm, pc-IGZO appears
after annealing. At this thickness, the template is too thin to
enable an appropriate crystallization in the first annealing. The
lack of a templating effect causes the formation of amorphous
IGZO at the interface as can be witnessed by crystallization
into pc-IGZO after annealing. Apart from the templating effect,
the window of PVD conditions in which spinel IGZO is
obtained is increased to the wide range of Td = 25−250 °C.

■ ELECTRICAL PERFORMANCE
To demonstrate the electrical functionality of pure spinel
IGZO, we tested the material in scaled back-gated TFTs. The
layout of the IGZO FET device is provided in Figure 9a. On
top of 15 nm Al2O3, a template of spinel GZO with a thickness
of 2 or 6 nm thickness is formed. Next, 10 nm IGZO is added
at Td = 25 °C and 200 °C, RO2

= 90% for spinel; Td = 300 °C,
RO2

= 0% for a-IGZ;O and Td = 300 °C, RO2
= 90% for CAAC-

IGZO. Subsequentially, the IGZO is covered with 10 nm SiO2
low-temperature plasma-enhanced chemical vapor deposition
(PECVD) as a gate dielectric. The active area is then patterned
down to the Si substrate. Source/drain (S/D) contact trenches
are opened through a SiO2 field oxide, where TiN and W are

deposited, respectively, by PVD and ALD/CVD. The highly
doped Si substrate under the Al2O3 layer acts as the bottom
gate. To provide electrical access to the smallest devices,
additional metallization layers are implemented via subsequent
patterning steps. To reduce the oxygen vacancies, an O2
annealing at 350 °C is applied after the last metallization
step. During the electrical tests, a voltage sweep is applied to
the Si substrate and the drain voltage is set to 0.8 V.
The drain current is modulated by sweeping the gate

potential bias (Vgs) in the positive direction and depends on
the electron concentration in the channel. In Figure 10a, the
source−drain current (Ids) vs Vgs is shown for transistors with a
comparable threshold voltage (Vt) but different morphology of
the IGZO channels. Because the band gap of GZO is ∼4.5
eV,39 significantly larger than spinel IGZO ∼3.2 eV, the
channel conduction in TFT is confined to the IGZO layer. The
GZO template functions as an insulator since no Ids can be
detected in TFTs consisting of the GZO template only (not
shown). With the GZO template present, all IGZO channels
are performing well, except for CAAC. The Ids−Vgs curves are
obtained for devices with channel width W = 1 μm and length
Lg = 135 nm and show comparable characteristics, with Ion/Ioff
> 105. While the a-IGZO channel shows Vt < −1 V, crystalline
channels lead to a much higher Vt. However, the CAAC phase
shows a strong degradation of Ion. Therefore, the spinel phase
enables an optimum trade-off between Vt and Ion. The figure
also shows the transfer characteristics of an IGZO TFT where

Figure 9. (a) Schematic layout of back-gated IGZO devices and (b) front-gated devices.

Figure 10. (a) Ids of back-gated devices with W = 1 μm and Lg = 135 nm for different IGZO types with a thickness of 10 nm. The back-gate
configuration is as given in Figure 9a. (b) Corresponding field-effect mobilities derived from Lg = 10 μm to eliminate source−drain contact
resistance. (c) Ids of back-gated devices with scaled dimensions (Lg = 45 nm) for amorphous and spinel IGZO in the front-gate configuration as
given in Figure 9b. For the back-gated test on the FG config structure, the real Lg is defined by the top gate Lg plus 2 times the distance between the
contact to the gate (15 nm). Therefore, the real Lg is 75 nm.
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the spinel channel underwent postdeposition annealing (PDA)
at 500 °C, indicating that a slightly higher Ion can be achieved
with this additional step. This result is confirmed by the field-
effect mobility (μFE) extracted from Ids−Vgs curves from
devices at Lg = 10 μm. In Figure 10b, the μFE extracted for 23
devices, uniformly distributed over the 300 mm wafer are
shown for spinel and a-IGZO. Spinel IGZO ensures higher
mobility than amorphous IGZO, and the 500 °C PDA further
improves the performance, reaching a median mobility of 50
cm2/(V s).
To further explore the performance of spinel IGZO devices

and their potential use for stacking-compatible capacitor-less
DRAM cells with >400 s retention time,40 a similar device
structure was built in a front-gated configuration (Figure 9b).
Now a 7 nm SiO2 serves as a front gate dielectric, with a TiN/
W stack acting as gate metal terminal. The wafers underwent
multiple annealing cycles in O2 to achieve the highest possible
Vt. Figure 10c shows the transfer characteristics collected for
spinel and amorphous IGZO on scaled transistors with W = 1
μm and Lg = 45 nm (real Lg = 75 nm, see Figure 10c), clearly
revealing that the spinel phase enables a higher Ion for a similar
Vt.

■ DFT SIMULATIONS
Having demonstrated the existence and electrical functionality
of stoichiometric spinel IGZO, two fundamental questions
remain to be answered to establish if it has the potential for
being a better channel material than a-IGZO or even hexagonal
IGZO. The first one is: where does spinel IGZO rank in
stability compared to the other phases? Spinel IGZO has not
been reported as deposited films for such a high indium atomic
percentage,41 still spinel IGZO can be obtained from PVD
using In/Ga/Zn = 1:1:1 targets. Second, what is the potential
ultimate gain in device performance? Both questions can be
theoretically approached by simulations on the spinel IGZO
structure, comparing it to models for CAAC- and a-IGZO. By
calculating the configuration energy, the relative stability can
be obtained, and from the effective electron mass (m*), a
crude first-order evaluation of the electron mobility can be
made.
We have performed first-principles calculations using density

functional theory (DFT).42−44 In all calculations, we use the
PBEsol generalized gradient approximation for the exchange-
correlation functional.45,46 All computational details are
provided in the Supporting Information. We first optimize
the structure and calculate its total energy using CP2K.47 In
this way, we can compare correctly to previous work on
crystalline and a-IGZO phases. Next, we study in detail the
electronic structure using the Abinit software package48−50

using norm-conserving pseudopotentials from the PseudoDo-
jo51 and analyze the results using the AbiPy package. The
crystal structure of spinel IGZO is based on that of spinel GZO
but with half the Ga atoms in the octahedral sites replaced by
In. Since Ga sites and In sites cannot be distinguished easily by
XRD and the elements are rather similar chemically, we
investigate the In−Ga disorder explicitly. The primitive unit
cell of spinel GZO, in space group Fd3̅m (227), contains two
formula units (f.u.) of InGaZnO4. To allow for a bit more
freedom and a larger span of In/Ga ratios we work in a twice as
large cell for spinel IGZO. In total, the In and Ga atoms can be
distributed over the octahedral sites in this cell in seven
symmetry-inequivalent ways. We construct all of these seven
options and compare their properties. Due to the partial

replacement of Ga by In, the symmetry is broken and
representation has to be reduced to space group P2221 (17).
Positions of the other six possible configurations are given as
CIF files in the Supporting Information. The most stable
configuration of In and Ga atoms for In/Ga = 1:1 in the 4 f.u.
cell of spinel GZO is shown in Figure 11. This reference

configuration is only 0.016 eV/f.u. less stable than a perfectly
crystalline model of hexagonal IGZO, with In/Ga/Zn = 1:1:1,
represented by space group Fd3̅m (227), which is here
considered as a model for CAAC-IGZO. For comparison,
amorphous models tend to be 1.21 eV/f.u. less stable than
CAAC-IGZO. The variation in total energies between the
different In−Ga distributions is in the order of 0.1 eV/f.u. (see
Figure 12). At the PBEsol level, we calculate a band gap of 1.7
eV and a corresponding effective mass m* = 0.2 m0 for our
most stable spinel structure. Note that generally DFT predicts

Figure 11. Reference configuration of spinel IGZO with In/Ga = 1:1,
represented in the space group P2221 (17) to allow a lower symmetry
by alternating occupation of octahedrally coordinated sites by In
(pink) and Ga (green). Tetrahedrally coordinated sites are always
occupied by Zn (gray).

Figure 12. Total energy, band gap, and effective electron mass (m*)
for spinel IGZO with In/Ga/Zn = 1:1:1 with different In and Ga
configurations compared to the reference configuration given in
Figure 11.
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the true ground-state electron energy but not the excited states.
Therefore, the calculated band gap is underestimated and can
only be used for relative comparison. The band gap of our
perfectly crystalline model is 1.2 eV with m* = 0.25 m0.
Experimentally reported m* for amorphous IGZO are in the
order of 0.30−0.37 m0.

16 We stress here that the effective
masses for our crystalline solids are calculated as band effective
masses from the curvature of the bottom conduction band at
Γ. For amorphous materials, this concept is not valid since the
lacking periodicity renders the Bloch theorem inapplicable
making the notion of a band structure invalid. The notion of an
effective mass remains, but it is not related to a curvature of
bands anymore. The band structures of all models are provided
in the Supporting Information (Figure S.3). Figure 12 also
visualizes the distribution of the band gap and the effective
mass. The values are shown relative to the reference
configuration, the most stable distribution of In and Ga
atoms for In/Ga = 1:1. We observe an overall inverse
relationship between the total energy of the structure and its
band gap, but the effective masses do not follow this trend
clearly. Most important to note is that the variations in the gap
and effective mass are rather limited. The band gap changes
maximally 9% from the value of the most stable structure and
the effective mass 7%. We hence conclude from the small
variations in total energies that a certain amount of In−Ga
disorder is to be expected in spinel IGZO, but that
electronically this does not have significant consequences.
Finally, we also construct all symmetry-inequivalent options

for distributing the In and Ga atoms in nonstoichiometric ways
and we derive the average lattice constants for the unit cell by
projecting the dimensions of all symmetry-inequivalent
distributions of In and Ga. Lattice constants for the a-, b-,
and c-axes are shown in Figure 13. Variations between the

lattice constants are caused by the three possible orientations
of each distribution that appear to be repeated throughout the
crystal material because of the periodic boundary conditions in
the DFT calculation. Averaging the lattice constants for each
axis removes this artifact and provides a single lattice constant
for a symmetric cubic Fd3̅m unit cell, representing the lattice
constant for spinel IGZO with a random distribution of In and
Ga for each In/Ga ratio. The average values show a clear linear

trend, following Vegard’s law: i.e., for a fixed crystal structure
containing two constituents, the lattice parameter is the
weighted mean of the lattice parameter of the two individual
constituents. Our experimental values are presented by a black
dot in Figure 13. The vertical error bar for the lattice constant
is obtained from the observed variations of the (222)
diffractions in XRD. The horizontal error bar is the minimal
and maximal In/(In + Ga) ratio of cations in the octahedral
positions, derived from the composition measurements. Here,
we assumed that a maximal amount of Ga, resp. In atoms is in
the tetrahedral position due to the Zn deficiency, giving In/(In
+ Ga) = 0.47, resp. 0.57. In case the cation positions are not
contributing to changes in the crystal dimensions, this error bar
is smaller: 0.49−0.54. From this experimental value, we can
extrapolate a linear trend from GZO (8.36 Å) to the
hypothetical value for In2ZnO4 (8.81 Å). The calculated
trend has a systematic larger lattice constant and the offset is
increasing with increasing indium concentration. The calcu-
lated lattice constants depend on the used exchange-
correlation functional,52 and its correction can be estimated
by comparing calculated lattice constants to known real values.
The calculated lattice constant for bixbyite In2O3 (10.299 Å)
has an offset of 0.18 Å compared to the experimental value
(10.117 Å53). This offset is larger than the offsets of 0.07 and
0.04 Å for the experimental values of spinel GZO based on the
literature (8.334 Å54), resp. our observation but close to the
offset with our hypothetical value for In2ZnO4 (0.17 Å). Using
this correction validates the assumption that the experimental
difference of XRD diffraction peaks between GZO and IGZO
is induced by an increase of lattice constant due to the indium
atoms, replacing ∼50% of the gallium.

■ DISCUSSION
The existence of crystalline spinel phases was previously
reported in high-temperature metallurgical studies of IGZO.14

GZO has a default crystalline phase in the spinel configuration,
a cubic Fd3̅m unit cell with a distorted face-centered cubic
oxygen lattice in which Zn takes tetrahedrally coordinated
interstitial sites and Ga takes the octahedrally coordinated
interstitial sites. The Ga atoms can be replaced gradually with
In up to 6.4%.41 This corresponds to only 4.2% of all metal
atoms. For higher indium concentrations, spinel IGZO is
expected to be unstable and phases will segregate. For this
reason, spinel In2ZnO4 was never reported to exist. The fact
that pc-IGZO is always formed when crystallizing a-IGZO and
no crystallization into spinel IGZO was detected shows that
spinel IGZO with In/Ga = ∼1:1 is metastable to at least 700
°C. The disappearance of the (222) diffraction in IS-XRD
(Figure 6) at 900 °C witnesses a high thermal stability of this
phase, which is likely depending on the In concentration. Note
that all films do have a composition deviating from the
stoichiometry for spinel: (In + Ga)/Zn = 2:1. Films that do
show a spinel signature have In/Ga/Zn = 39.7:34.0:26.3% or
(In + Ga)/Zn = 2.8:1. This is in line with reported Zn
deficiencies of films obtained by sputtering55 and implicates
that 10% of the In and Ga cations are populating tetrahedral
sites, assuming a defect-free film. Occupation of a tetrahedral
site by Ga is very well possible due to lowering of its oxidation
state from 3+ to 2+. The polymorph of gallium oxide: γ-Ga2O3
is a cation-deficient spinel with partial occupancy of both
tetrahedral and octahedral sites.56,57 Occupation of a
tetrahedral site by In or Ga is also possible when exchange
happens with Zn cations as is the case in (partially) inverse

Figure 13. Calculated lattice constants of the cubic Fd3̅m unit cell for
different In/Ga ratios in spinel IGZO. The open triangles are the
lattice constants of the a-, b-, and c-axes for different In/Ga
configurations and are averaged (black dots). The open circle at 0%
In/(In + Ga) is the literature value for spinel GZO, the closed black
square is the value for spinel IGZO obtained in this work.
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spinel.58 However, our DFT simulations show an energetic
cost of ∼0.5 eV for exchanging In or Ga with Zn, which is
confirmed by the fact that GZO is typically a normal spinel.58

Therefore, we consider spinel IGZO to have a normal spinel
structure in which octahedral sites are fully occupied by In and
Ga. Small variation in total energy for different In and Ga
configurations indicates no preferential occupation of the
octahedral sites between In and Ga. Hence, In and Ga
positions are fully randomized and following Vegard’s law: the
crystal lattice constant changes linearly with the In/Ga ratio
and fits well with the theoretically calculated values. Ga and Zn
cations are almost equal in size as is reflected by the small
difference between spinel GZO (8.334 Å) and γ-Ga2O3 (8.238
Å), and therefore, the impact of Zn deficiency is assumed not
to have much impact on the lattice constant.
No phase separation has been observed when spinel IGZO

is annealed at 700 °C, but peak shifts at higher temperatures in
IS-XRD indicate the onset of structural changes. When looking
closely at the detailed position of the (222) spinel peak in the
IS-XRD measurement, first, a decrease of ∼0.2° can be seen,
which can be explained by the thermal expansion of the crystal.
At 700 °C, an increase up to 0.9o at 900 °C occurs,
corresponding to a decrease of lattice constant with 0.2 Å.
According to Vegard’s law, this shrinkage of the lattice
indicates a serious loss in indium from the spinel lattice
structure, which could not be confirmed by composition
measurements. Care must be taken with conclusions on local
composition changes because local strain and crystal defects
also induce deformation of the lattice. Also, relaxation in the
spinel lattice by exchange between Zn and In or Ga in the
occupation of octahedrally and tetrahedrally coordinates sites,
as is observed in GZO,39 must be taken into account.
Moreover, crystal defects by the occupation of additional
nonspinel sites will also contribute.57 At least, the change of
the XRD spectrum above 700 °C is an indication of structural
changes in the spinel lattice that are related to the
rearrangement of indium atoms. This is pointing toward the
metastability of the spinel phase of IGZO, which is about to
change into the CAAC phase well above the crystallization
temperature of amorphous IGZO.
The formation of the CAAC phase is alternatively explained

as a stress relief by separating into two different structures with
different elastic moduli.59 Remarkably, spinel IGZO has a large
fraction of its crystals oriented in the [111]-direction, which
has alternating levels of atomic arrangements in hexagonal
shapes. InO2 planes of hexagonal IGZO have similar in-plane
structures. We calculated the formation energy of spinel IGZO
to be very close to CAAC-IGZO, therefore spinel can be
considered a metastable phase, losing its stability due to the
presence of a large amount of indium. The formation of CAAC
might happen by pushing indium out into InO2 sheets,
obtaining the arrangement of CAAC. We hypothesize that the
spinel phase is an intermediate step into the formation of
CAAC. Both spinel and CAAC phases are likely formed by the
surface impact of ions rather than the formation from crystal-
like clusters readily sputtered from the pc-IGZO target.25 The
crystallization is possibly induced by the impact of negative
oxygen ions because the maximum diffraction intensity is
observed at the highest RO2

and a high power (see Figure S.2).
Negative oxygen ions often provide an important contribution
to crystallization during PVD60 and are sufficiently available in
the DC method.61 The lack of energetic negative ions might be

the reason why the deposition of IGZO in the spinel phase has
not been reported for RF-PVD.28,34 But when sufficient oxygen
ions are provided, metastable spinel is formed at Td = 200 °C.
With increased Td, the metastability of spinel causes a
rearrangement into CAAC during deposition.
The existence of spinel IGZO raises the question of whether

this phase is still metastable at an In/Ga ratio larger than 1:1.
High indium concentrations in a-IGZO increase the electron
mobility but decrease the stability of oxygen atoms, resulting in
high free electron concentrations due to the formation of
oxygen vacancies. This formation might be suppressed when
IGZO is in the crystalline phase. Recently, the stability of
oxygen in CAAC-IGZO, amorphous, and spinel IGZO (In/
Ga/Zn = 1:1:1) was calculated and spinel IGZO appeared to
be the most stable one.8 However, phase separation into In2O3
and GZO is likely to occur for higher indium concentrations,
but it will be interesting to know at which concentration the
trade-off between stability and mobility will be. Such tests
require pulsed PVD tests on targets with higher indium
concentrations. At least, in the devices that are formed with
pure spinel obtained from In/Ga/Zn = 1:1:1 targets, the
performance shows that high channel mobilities can be
obtained with pure spinel channels, despite the fact that spinel
has a clear polycrystalline morphology. Our DFT simulations
found a smaller m* for monocrystalline IGZO in the spinel
phase, compared to the hexagonal phase. This is only a first-
order indication for increased electron mobility since phonon
scattering and impurity scattering are not considered. More-
over, grain boundaries in polycrystalline materials are expected
to cause electron scattering, reducing mobility as is the case in
the polycrystalline hexagonal IGZO.30,37 Such a scattering
should be dominant to other potential barriers above the
conduction band minimum that limits the carrier transport in
IGZO.2 Therefore, it would be interesting to explore the
relationship between Hall mobility, carrier density, and
temperature to compare the details of carrier transport of
spinel IGZO to CAAC- and a-IGZO. Hall mobility measure-
ments have not been explored by us yet. Instead, we preferred
to demonstrate the electrical functionality more pragmatically
by direct integration into scaled devices, realizing that ultimate
performance might be compromised by the nonoptimized
deposition or integration of CAAC- and a-IGZO. The spread
in channel mobilities in Figure 10b indicates local non-
uniformity problems and emphasizes the need for further focus
on integrating the spinel material into scaled devices to obtain
the ultimate performance of spinel IGZO and to benchmark it
to CAAC- and a-IGZO. Also, reliability problems like grain
boundary-induced leakage as is observed in polycrystalline
semiconductors should be further investigated for spinel
IGZO.

■ CONCLUSIONS
In summary, it is shown that IGZO in the spinel phase, free
from amorphous or other known crystalline phases, can be
obtained with PVD, using a spinel GZO template. The indium
concentration exceeds those found in high-temperature phase
diagram studies and are matching with the lattice constants as
were found by DFT calculations. Using the PVD conditions as
reported here shows the spinel IGZO to be a metastable phase
in competition with CAAC-IGZO as is also confirmed by our
DFT calculations. Those calculations also show a slightly lower
effective electron mass, suggesting better electron mobility as is
indicated by the improved Ion for TFT devices. A method to
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enable the integration of spinel IGZO in front-gated devices is
demonstrated. Spinel IGZO is an interesting candidate for
further improving scaled TFT devices while keeping the
oxygen vacancy formation under control.
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