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Abstract

Amorphous indium-gallium-zinc oxide (a-IGZ0) is a widely used channel material for thin-film
transistors (TFTs), where post-deposition annealing is used to optimize their device performance.
However, conventional characterization techniques, such as X-ray diffraction (XRD) and high-resolution
transmission electron microscopy (HRTEM), have limited sensitivity to detect the subtle and nanoscale
structural evolution, including local atomic rearrangements and nanocrystal nucleation, that precedes
macroscopic crystallization and may affect charge transport. To overcome this, we combined four-
dimensional scanning transmission electron microscopy (4D-STEM) with spatially resolved radial
distribution function (RDF) analysis to map the structural evolution of a-IGZO films as a function of
annealing temperature. Although XRD and HRTEM revealed no discernible crystallization up to 500°C,
our RDF analysis detected a shift toward shorter distances and a broadening of the metal-oxygen bond
distance distribution with increasing annealing temperature, indicating non-uniform local structural
relaxation. This nanoscale densification and rearrangement may explain the non-monotonic temperature
dependence of the sheet resistance, which decreases up to an annealing temperature of 400°C and
increases at higher temperatures. Our 4D-STEM RDF analysis resolves structural dynamics preceding
crystallization that remain beyond the detection limits of conventional characterization techniques,
thereby providing a new metric to guide process optimization in amorphous oxide semiconductors.

Introduction

a-IGZ0 is widely employed as a channel material in high-performance TFTs owing to its high carrier
mobility and excellent uniformity over large areas. (Nomura et al. 2004; Kamiya and Hosono 2010) Post-
deposition thermal annealing is routinely performed to reduce deposition-induced defects and modulate
carrier density. (Ide et al. 2019) Although the films remain macroscopically amorphous over a broad
temperature range, thermal treatment can induce subtle local structural relaxation, densification, and
nanocrystal nucleation. (Sorida et al. 2014; Kim et al. 2009; Huang et al. 2012) Such structural
rearrangements preceding crystallization can influence device electrical properties, for example, through
the formation of conduction pathways or the introduction of scattering and trapping centers. (Ide et al.
2019) Elucidating and controlling structural evolution preceding crystallization is therefore critical for
optimizing annealing processes in amorphous oxide electronics. However, the quantitative
characterization of local atomic rearrangements in amorphous thin films remains a significant analytical
challenge. Conventional X-ray diffraction (XRD) is primarily sensitive to long-range structural order and
provides spatially averaged information over macroscopic sampling volumes, limiting its ability to detect
subtle local structural changes before the development of a sufficiently large crystalline volume fraction.
(Fewster 2023) Because HRTEM provides a two-dimensional projection of a three-dimensional structure,
overlapping structural contributions along the electron-beam direction can obscure sub-nanometer
clusters embedded within an amorphous matrix, making them difficult to distinguish from intrinsic phase
contrast. (Treacy and Gibson 1996) Therefore, conventional characterization techniques remain largely
insensitive to structural evolution occurring during intermediate stages of annealing, prior to
macroscopic crystallization. Here, these limitations are addressed by combining 4D-STEM with spatially
Page 2/12



resolved RDF analysis. (Labar et al. 2023; Mu et al. 2019; Mu et al. 2016; Ophus 2019) By recording a
two-dimensional diffraction pattern at each scan position and converting it into an RDF, spatially
resolved quantitative maps of the local metal-oxygen (M—0) bond distance are obtained across the
IGZO films. The analysis reveals the emergence of structural relaxation and spatial heterogeneity at
400°C, although no crystallization is detected by XRD and HRTEM. Furthermore, the nanoscale
contraction of the M—0 bond distance and the development of local structural heterogeneity are closely
correlated with the non-monotonic evolution of the sheet resistance with annealing temperature. By
relating nanoscale structural relaxation to macroscopic electrical transport, this study provides a
quantitative framework for investigating structural dynamics preceding macroscopic crystallization and
for guiding process optimization in amorphous oxide semiconductors.

Results and discussion

Figures 1a, b schematically illustrates the fabrication process with sputter deposition and post-thermal
annealing of the a-IGZO films. The a-IGZO films were deposited on SiO,/Si substrates and subsequently
annealed at temperatures ranging from 300 to 600°C in a mixed Ar/O, atmosphere with a 3:1 flow ratio.
Figure 1c presents the sheet resistance of the a-IGZO0 thin films as a function of annealing temperature.
The sheet resistance exhibits a pronounced non-monotonic, U-shaped dependence, decreasing by
approximately three orders of magnitude at 400°C relative to the as-deposited state. This non-monotonic
electrical behavior aligns with the annealing-dependent TFT characteristics reported by Suko et al.,
wherein crystallization initiates at the film surface at 600°C, leading to a decline in field-effect mobility
upon extensive crystallization. (Suko et al. 2016)

Grazing-incidence (GI) XRD patterns of the as-deposited and annealed films are presented in Fig. 1d.
Films annealed at temperatures up to 500°C exhibit only a broad diffuse feature centered at 26 = 31-34°,
indicating that they retain an amorphous structure. A distinct diffraction peak emerges at 26 = 31° only
after annealing at 600°C and is indexed to the (0009) reflection of rhombohedral InGaZnO, (c = 26.04 A).
(Assenmacher et al. 2014) The onset of crystallization at 600°C is consistent with previous reports
showing that sputter-deposited a-IGZ0 with a near-stoichiometric composition crystallizes at
approximately 600°C. (Suko et al. 2016) Specifically, Suko et al. reported that DC-sputtered a-1GZ0
remains amorphous after annealing at temperatures up to 300°C, whereas annealing at 600°C induces
surface-initiated crystallization with a preferential c-axis orientation. (Suko et al. 2016) Cross-sectional
HRTEM images (Figs. 1e-g) provide further insight into the microstructural evolution observed by XRD.
The as-deposited and 400°C-annealed films exhibit featureless image contrast and diffuse halo rings in
the corresponding fast Fourier transform (FFT) patterns, confirming an amorphous matrix. After
annealing at 600°C, a crystalline layer approximately 4.33 nm thick is observed at the film surface,
whereas the underlying region retains amorphous contrast. Lattice fringes with a spacing of 0.287 nm
are resolved within this surface layer and are oriented parallel to the film surface. This spacing agrees
well with the (0009) interplanar spacing of InGaZnO, (dggge = 0.289 nm). (Assenmacher et al. 2014) The
orientation of these lattice fringes indicates preferential alignment of the c-axis normal to the film

surface, consistent with the (0009) dominant texture observed by XRD and with previous reports of
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surface-initiated crystallization in an IGZO film. Preferential nucleation at the free surface can be
attributed to reduced kinetic constraints relative to the film interior, as reported for other amorphous
systems. (Suko et al. 2016; Assenmacher et al. 2014; Zhu et al. 2008) The reduction in film thickness
observed in the cross-sectional HRTEM images is consistent with thermally activated densification,
whereby annealing below the crystallization temperature promotes structural relaxation and reduces the
excess free volume incorporated during sputter deposition. (Troughton et al. 2017; Egami et al. 1980)
Accordingly, substantial densification occurs at annealing temperatures up to 500°C, although the
associated local atomic rearrangements within the amorphous matrix cannot be resolved by
conventional XRD and HRTEM. To probe local short-range order, 4D-STEM measurements were
performed by scanning a nanometer-sized electron probe across the specimen while recording a two-
dimensional diffraction pattern at each probe position. Electron-diffraction-based RDF analysis has
recently emerged as an effective approach for mapping short- and medium-range structural order in
amorphous and mixed amorphous—nanocrystalline materials with a spatial resolution of a few
nanometers. (Kang et al. 2024) This approach was employed to quantify the temperature-dependent
evolution of the mean M-0 bond distance on a pixel-by-pixel basis. (Kang et al. 2014)

The overall analysis workflow is summarized in Fig. 2. For each diffraction pattern, the direct beam
center was determined on a frame-by-frame basis using its center of mass, and defective detector pixels
were masked. The corrected pattern was then azimuthally averaged to obtain a one-dimensional
intensity profile, I(s). The atomic scattering background was modeled as I(s) = N(f?(s)) + C using
tabulated electron-scattering factors weighted according to the film composition. The reduced intensity
function was subsequently calculated as ¢(s) = s[I(s) - N(f2) - C]/N¢f)2. Residual low-frequency baseline
contributions were removed using a constrained polynomial fit, and the corrected ¢(s), was damped and
sine-transformed to generate a spatially registered g(r) data cube across the scanned region. The first
peak in g(r), corresponding to the nearest-neighbor M—0 coordination shell, was fitted with a pseudo-
Voigt function over the range of 1.7-2.3 A. (Young and Wiles 1982) The resulting peak positions were
then mapped to generate the atomic bond-distance maps shown in Fig. 3. Two methodological
considerations are important for interpreting these maps. First, although the real-space resolution
constrains the absolute width of individual g(r) peaks, peak positions resolved via pseudo-Voigt fitting
retain high precision, enabling a robust statistical analysis of their spatial distribution. (Young and Wiles
1982) Second, because the diffraction signal at each scan position is integrated through the film
thickness, the resulting maps represent thickness-averaged bond distances. Detailed procedures for
dataset processing and the Fourier-transform parameters are provided in the Methods.

Figure 3 presents the virtual bright-field (VBF) images, corresponding M-0 bond-distance maps, and
pixel-wise bond-distance distributions for the as-deposited, 400°C-annealed, and 600°C-annealed a-IGZ0
thin films. These data reveal two systematic trends in the local structure with increasing annealing
temperature. First, the M—0 bond distance decreases monotonically with increasing annealing
temperature. The mean M-0 bond distance decreases from 2.100 A in the as-deposited film to 2.007 A
after annealing at 400°C, and further to 1.986 A at 600°C. The overall decrease of 0.114 A across the
annealing series is substantially greater than the spatial standard deviation measured in the as-
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deposited film (o = 0.025 A), indicating a significant shift. This bond distance contraction is consistent
with the dissipation of excess free volume incorporated during deposition through thermally activated
structural relaxation, resulting in densification of the atomic network. (Kamiya and Hosono 2010;
Troughton et al. 2017; Egami et al. 1980) Furthermore, the nanoscale contraction in M—0 bond distance
aligns with the macroscopic reduction in film thickness measured by HRTEM (Figs. 1e—g), providing
complementary evidence for densification across multiple length scales. Second, the local structure
becomes heterogeneous across the film with increasing annealing temperature. The spatial standard
deviation of the extracted M—0 correlation distance increases more than threefold, from 0.025 A in the
as-deposited film to 0.090 A after annealing at 600°C. Accordingly, the bond-distance distributions
broaden and become increasingly asymmetric, with a progressively more pronounced tail extending
toward longer distances. Because identical acquisition conditions and fitting procedures were applied to
all datasets, the contribution of fitting uncertainty to the measured spatial dispersion is negligible across
the annealing series. The observed broadening therefore reflects increased spatial heterogeneity in the
local structure rather than a systematic deterioration in measurement precision. The origin of the
observed local structural heterogeneity differs between the intermediate and high-temperature annealing
regimes. At 400°C, where both XRD and HRTEM show no detectable crystallinity due to their detection
limits, nanoscale regions characterized by shorter M—0 correlation distances coexist with relatively
unrelaxed regions in a spatially heterogeneous network. This spatial variation reflects heterogeneous
structural relaxation, wherein thermally driven densification proceeds non-uniformly across the
amorphous matrix. (Orita et al. 2000; Ide et al. 2012) These more strongly relaxed localized regions may
represent structural features preceding crystallization, suggesting that an early structural response to
annealing occurs as nanoscale spatial fluctuations in local order, well before the onset of XRD-
detectable crystallinity. By contrast, the pronounced spatial heterogeneity observed across the map at
600°C originates from the coexistence of two distinct structural phases within the cross-section: the
newly formed surface crystalline layer and the underlying amorphous matrix. Rather than a transmission-
overlap effect at individual scan positions, the pixel-wise aggregation of M—0 bond distances across the
entire cross-sectional map captures both the highly relaxed/ordered surface layer and the residual
amorphous interior. The coexistence of these two regions broadens and skews the overall M—0 distance
distribution. Collectively, these results demonstrate that 4D-STEM-based RDF analysis enables
quantitative mapping of pre-crystallization structural relaxation and its nanoscale fluctuations, resolving
early-stage structural evolution that remains inaccessible to conventional XRD and HRTEM.

The electrical response in Fig. 1c correlates with the two-stage structural evolution revealed by our 4D-
STEM RDF analysis. Along the descending branch, from the as-deposited state to 400°C, the sheet
resistance decreases by approximately three orders of magnitude. Across this temperature range, our
RDF analysis reveals a systematic shift of the first coordination-shell peak toward shorter distances,
consistent with local network contraction and structural relaxation. Previous studies have suggested
that structural relaxation in a-IGZ0 can modulate oxygen-vacancy-related defect states and promote the
conversion of oxygen vacancies into shallow-donor states as excess free volume is reduced. (Hong et al.
2026) This interpretation aligns with the pronounced decrease in sheet resistance observed here, while
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our RDF results provide a corresponding nanoscale structural signature of this annealing-induced
relaxation. Along the ascending branch, the increase in sheet resistance becomes evident at 500°C,
preceding the crystallization detectable by XRD and HRTEM, and becomes substantially more
pronounced at 600°C. This increase in sheet resistance may reflect the progressive development of local
structural heterogeneity associated with the onset of crystallization. The reversal in electrical behavior
originates from distinct mechanisms at different annealing stages. The initial increase in sheet
resistance at 500°C is likely driven by thermally activated modification or passivation of oxygen-related
defect states, whereas the more pronounced rise at 600°C stems from severe carrier scattering and
trapping at crystalline—amorphous interfaces and grain boundaries within the surface nanocrystalline
layer. (Suko et al. 2016; Moffitt et al. 2023) Collectively, these findings suggest that substantial changes
in electrical transport are closely linked to nanoscale structural relaxation and local heterogeneity within
the nominally amorphous regime. In the present system, the minimum sheet resistance is attained
following local structural densification within the amorphous phase, whereas further annealing promotes
the development of more pronounced nanocrystalline regions and crystalline—amorphous interfaces,
potentially introducing additional carrier-scattering pathways. This mechanistic framework provides a
structural basis for optimizing annealing conditions in amorphous oxide semiconductors.

Conclusions

In summary, this study establishes a spatially resolved 4D-STEM-based RDF analysis framework to
quantify nanoscale short-range order evolution in a-IGZO thin films during thermal annealing. By tracking
the first-shell M—0 RDF peak position at each scan position, this approach resolves two key structural
features beyond the detection limits of XRD and HRTEM: progressive local M—0 bond contraction and
the emergence of spatial heterogeneity. Furthermore, these structural findings suggest a nanoscale
mechanism underlying the non-monotonic temperature dependence of sheet resistance. The decrease in
sheet resistance up to 400°C coincides with structural relaxation and local densification within the
amorphous network, whereas the subsequent increase from 500°C can be further associated with
changes in oxygen-related defect states and, at 600°C, additional carrier scattering and trapping
associated with grain boundaries and crystalline-amorphous interfaces. The relative contributions of
these mechanisms require further investigation through complementary spectroscopic and transport
measurements. More generally, the spatially resolved 4D-STEM RDF framework can be extended to
investigate nanoscale structure-property relationships in materials that remain macroscopically
amorphous. By enabling the direct visualization and quantification of structural evolution preceding
crystallization and nanoscale heterogeneity, our approach provides a robust basis for investigating
processing-structure-property relationships and for optimizing thermal processing in amorphous oxide
semiconductors.

Experimental section

Film deposition and annealing:
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a-1GZ0 thin films were deposited on thermally oxidized SiO,/Si substrates at room temperature by radio-
frequency (RF) magnetron sputtering using a ceramic InGaZnO, target with a nominal cation ratio of
In:Ga:Zn = 1:1:1. Before deposition, the sputtering chamber was evacuated to a base pressure below 6.0
x 10-% Pa. Sputtering was performed at an RF power of 80 W under an Ar flow of 25 sccm at a working
pressure of 0.45 Pa for 1 min 40 s. The chemical composition of the as-deposited film was confirmed
using energy-dispersive X-ray spectroscopy (EDS) to be In:Ga:Zn=1:1:1.

Thermal annealing was performed in a tube furnace under a controlled Ar/0, atmosphere at a working
pressure of 3.5 x 10~ Torr. The samples were heated at a ramp rate of 10°C min-" to target temperatures
ranging from 300 to 600°C, held at the target temperature for 1 h, and subsequently cooled naturally to
room temperature under continuous gas flow. The annealing atmosphere consisted of Ar and O, gas
flows of 60 and 20 sccm, respectively. (Yeon et al. 2016)

Structural characterization

The crystallinity of the films was examined by grazing-incidence X-ray diffraction (GIXRD) using a
SmartLab diffractometer (Rigaku) equipped with a 9 kW rotating Cu anode (Cu Ka, A = 1.5406 A), parallel-
beam optics incorporating a parabolic mirror, and a hybrid multi-channel semiconductor detector in a 6—

0 vertical goniometer geometry. Measurements were performed at a fixed grazing incidence angle (w) of
1

0.5° over a 20 range of 20-60°, with a step size of 0.01° and a scan speed of 1° min™ .
Cross-sectional specimens for transmission electron microscopy (TEM) were prepared using a focused
ion beam (FIB) lift-out technique with a Helios 450HP dual-beam system (Thermo Fisher Scientific)
employing a Ga* ion beam. Final thinning and cleaning were performed at a low accelerating voltage (2
kV) to minimize surface amorphization and ion-beam-induced damage. To remove the Ga*-damaged
surface layer and suppress Ga redeposition or clustering introduced during FIB milling, the specimens
were subsequently polished by low-energy Ar* ion milling using a Fischione Model 1040 NanoMill
system (700 eV, 210 pA). High-resolution transmission electron microscopy (HRTEM) imaging and fast
Fourier transform (FFT) analysis were performed using a JEM-ARM300F microscope (JEOL) operated at
300 kV. Film thicknesses were measured directly from cross-sectional HRTEM images.

4D-STEM acquisition

4D-STEM datasets were acquired using a JEM-ARM300F microscope (JEOL) operated at 300 kV with an
80 cm camera length. Diffraction patterns were recorded using a Gatan OneView camera with a detector
size of 256 x 256 pixels and an exposure time of 0.05 s per frame. The electron probe was configured
with a semi-convergence angle of a=1.456 mrad. The 2D scan raster comprised 400 x 34 probe
positions across the cross-sectional specimen. The spatial step size was set to 1.0 nm with a dwell time
of 0.05 s. Reciprocal-space calibration was performed using diffraction patterns acquired from a single-
crystal silicon (110) reference substrate under identical electron-optical conditions.

RDF analysis and bond-distance mapping
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RDFs were calculated from the 4D-STEM datasets using an in-house Python-based analysis pipeline built
on NumPy (Harris et al. 2020), SciPy (Virtanen et al. 2020), and HyperSpy (de la Peiia et al. 2023). For
each diffraction pattern, the direct-beam center was determined from the intensity-weighted center of
mass of the central disk, and defective detector pixels were masked. The diffraction pattern was
subsequently azimuthally averaged about the fitted beam center to obtain the one-dimensional intensity
profile, I(s), after excluding the low-angle region dominated by the direct beam.

The atomic scattering background was modeled as I(s) = N(f%(s)) + C, where the electron scattering
factors were calculated using Kirkland's four-term Gaussian—Lorentzian parameterization and weighted
according to the nominal film composition (In:Ga:Zn = 1:1:1). The scale factor N and offset C were
determined by fitting the high-s region of I(s), yielding the reduced intensity function, @(s) = s-[I(s) - N(f?)
- CJ/(N(f)?), where (f2) and (f)? represent the composition-weighted mean-square and squared mean
scattering factors, respectively. Following residual baseline correction and application of a damping
envelope to suppress termination ripples, ¢(s) was sine-transformed according to g(r) = 81 [ ¢(s)
sin(2mnsr) ds, generating a spatially registered g(r) data cube corresponding to the VBF image.

For bond-distance mapping, the first g(r) peak at each scan position, corresponding predominantly to the
nearest-neighbor M—0 coordination shell, was fitted using a pseudo-Voigt profile. The fitted peak center
was extracted as a local descriptor of the characteristic M—0 correlation distance. The distributions of
fitted peak positions across all valid pixels were summarized by their mean, and standard deviation.

Electrical characterization

The sheet resistance of the as-deposited and annealed films was measured by the four-point probe
(4PP) method with a commercial sheet resistance measurement system (CMT-100, AIT Co., Ltd.)
equipped with a Jandel four-point probe head. Measurements were performed at room temperature
(approximately 24°C) over an applied current range of 10 nA to 100 mA.
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Processing schematics and microstructural evolution of a-IGZO thin films. a, Schematic illustration of
the 1IGZO thin film sputtering process. b, The corresponding heat treatment temperature profiles and
schematic of the tube furnace for Ar/0O, atmosphere annealing (inset). ¢, Sheet resistance of the IGZ0
thin films as a function of annealing temperature. d, GIXRD patterns of IGZO thin films as a function of
annealing temperature. Representative cross-sectional HRTEM images and corresponding FFT patterns
(inset) for e, as-deposited, f, 400 °C-annealed, and g, 600 °C-annealed IGZO0 thin films, revealing a
preferentially c-axis oriented crystalline surface layer at 600 °C with an interplanar spacing of
approximately 0.287 nm.
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Figure 2

4D-STEM RDF analysis workflow and mapping procedure. Schematic illustration showing a, 4D-STEM
data acquisition, b, diffraction pattern preprocessing, ¢, azimuthal integration to generate a data cube, d,
RDF calculation from the integrated profiles, e, construction of the spatially registered RDF data cube,
and f, quantitative atomic bond-distance mapping.

Page 11/12



400°C

600°C

Bond Dis'rance (A)

150
d Mean 2,100 A e Mean 2.007 A Mean 1.986 A
120/]std 0.0246 A 120]5td 0.0535 A Std 0.0900 A
904 S0 90
604 860 TN 60
AY
" " ﬁﬂﬁﬂﬁw
0 | 3 0 1A ok %m{mm
1.8 1.9 2.0 i_1 2.2 18 (i . 1.8 ,ﬁ
Bond Distance (A) Bond Dlsiant:e ) Bond Dislan-':E{ )
Figure 3

Spatially resolved M—-0 bond-distance maps and statistical distributions as a function of annealing
temperature. a—c, Virtual bright-field STEM images (upper panels)and corresponding M—0 bond-
distance maps (lower panels) for a, as-deposited, b, 400 °C-annealed, and ¢, 600 °C-annealed a-IGZO thin
films. The color scale represents the M—0 bond distance ranging from 1.8 to 2.2 A. d—f, Corresponding
statistical histograms and fitted distributions of local M—0 bond distances for d, as-deposited, e, 400 °C-
annealed, and f, 600 °C-annealed samples. Higher annealing temperatures induce a contraction in the
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mean M-0 bond distance accompanied byincreased spatial heterogeneity.

Page 12/12

R




