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Advanced microscopy techniques have been employed to resolve the microstructure of transparent conductive
oxide (TCO) contacts in silicon heterojunction solar cells. Aluminum-doped zinc oxide (AZO) stands out as a TCO
material because of its low cost, abundance, and good optoelectrical properties. The polycrystalline AZO thin
films have yielded promising results in solar cell design. However, understanding the nanostructure of AZO thin-
film materials is vital for enhancing the cell performance by focusing on the formation of large grains and their
influence on the charge-carrier mobility of the film. Therefore, we employed high-resolution transmission
electron microscopy (HRTEM) and precession-assisted four-dimensional scanning transmission electron micro-
scopy (4D-STEM) with an automated crystal orientation analysis. These techniques can be used to determine the
grain sizes of AZO films sputtered on hydrogenated amorphous silicon (a-Si:H) and hydrogenated nanocrystalline
silicon (nc-Si:H) layers. Columnar grains in the AZO/a-Si:H film are evident in the grain mapping with diameters
greater than 10 nm, whereas in the AZO/nc-Si:H film, the grains begin at diameters less than 10 nm, showing
smaller grains near the substrate than at the top of the film. Additionally, the double-layer with indium-thin
doped oxide (ITO)/AZO stack started with grain diameters varying from 5 to 90 nm. They exhibit signifi-
cantly larger and irregular boundaries. Therefore, microstructural characterization showed that larger columnar
grains might lead to higher mobility in the AZO layer. This finding indicates that the impact of the ITO seed layer
on AZO significantly enhances grain size, improves charge carrier mobility, and overall improves the power
conversion efficiency (1) to be 23.6% comparable to those of AZO on a-Si:H and nc-Si:H.

transmission electron microscopy
Phase and orientation mapping
Silicon heterojunction
Transparent conductive oxide

1. Introduction conductive oxide (TCO) materials have achieved a record power con-

version efficiency of up to 26.81 % [2,3]. TCOs are commonly utilized as

The common goal in solar cell technology is to increase the power
conversion efficiency (n) of solar cells. Most photovoltaic research fo-
cuses on improving the performance of innovative materials and
reducing manufacturing costs. To date, crystalline silicon solar cells
have remained dominant in the photovoltaic market, accounting for
approximately 97 % of the global production of solar cells and modules
[1]. So far, silicon heterojunction solar (SHJ) cells using transparent
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electrode contacts on both sides of SHJ solar cells, owing to their
appealing physical properties. The TCO provides lateral conduction for
charge carrier collection and acts as anti-reflective coating [4]. For
efficient solar cell performance, TCOs must possess high optical trans-
parency and electrical conductivity [5]. For instance, tin-doped indium
oxide (SnO3: Iny03, ITO), Tungsten doped indium oxide (InpO3: W, IWO)
[6] and aluminum-doped zinc oxide (AlyO3: ZnO, AZO) are among the
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high-performance TCO materials. These materials are polycrystalline
materials consisting of small crystalline grains separated by grain
boundaries, offering potential advantages in terms of stability and
transparency for different photovoltaic applications.

AZ0 has been extensively studied for many years [7,8] because it is a
promising alternative to InyOs-based TCO films, which have better
optoelectrical properties but are more expensive and require rare ma-
terials such as indium. Despite AZO’s potential as a cost-effective and
abundant material, its performance trails behind that of ITO for some
reasons: on the one hand, the initial crystallinity of AZO films near the
substrate is often suboptimal, resulting in high resistivity or even insu-
lation in this region, necessitating the use of appropriate seed layers to
enhance crystalline growth; on the second hand, AZO exhibits poor
stability when exposed to air-borne oxygen or moisture, a problem
typically addressed through high-temperature post-annealing or the
application of ultrathin capping films [9]. Additionally, AZO micro-
structural limitations, such as grain boundary scattering and reduced
charge carrier mobility, remain inadequately understood.

Charge carrier mobility and free charge carriers are crucial for the
electrical conductivity of TCOs, where a high charge carrier mobility
increases the conductivity without compromising transparency by free-
carrier absorption [6,10]. To reduce free-carrier absorption, it is crucial
to decrease the concentration of free carriers and enhance the carrier
mobility in the TCO, resulting in high optical transparency while pre-
serving good electrical conductivity [11,9]. Previous studies have
detailed many factors that limit the mobility of thin films, which are
predominantly related to the compensation of charged defects like grain
boundaries and impurities such as oxygen and aluminum [6,9,12,13].
The charge carrier mobility limitation, free carrier concentration, grain
boundaries, and polycrystalline structural properties of TCO materials
have been previously reported [5,12-15]. In a study conducted by A.
Cruz et al., it was found that the electrical mobility (ue) of ITO deposited
on hydrogenated nanocrystalline silicon (nc-Si: H) layers is significantly
lower than that deposited on hydrogenated amorphous silicon (a-Si:H)
films.

The nc-Si:H layers possessed greater crystallinity and higher surface
roughness than the a-Si:H. The decrease in mobility in ITO/nc-Si:H is
due to the decrease in the grain size of the ITO or an increase in trap
density at the ITO grain boundaries. In contrast, AZO has nearly iden-
tical mobility when deposited on nc-Si:H and a-Si:H, which aligns with
the similar structural properties observed through transmission electron
microscopy using scanning nano-beam electron diffraction (NBED) [16].
Similar findings were observed in the present study. Specifically, we
compared the performance of AZO by adding an ITO seed layer under-
neath it. In addition, Tang et al. reported that adding an ultrathin layer
of ITO under AZO influences the initial grains and protects the intrinsic
layer from damage, which improves the crystallinity; the grain size in-
creases by approximately 1.1 nm to 1.7 nm [9]. Furthermore, adding the
ITO layer under AZO resulted in a higher mobility and lower resistivity
compared to AZO deposited directly on doped/intrinsic amorphous
hydrogenated silicon. Therefore, the polycrystalline structure of both
AZO and ITO, and thereby, the presence of grains and defects in the film,
may affect the charge-carrier mobility [17,18]. Therefore, it is crucial to
understand the microstructure of AZO thin films to enhance their elec-
trical conductivity while preserving their transparency.

The present study aims to investigate the microstructure of AZO films
using advanced electron microscopy techniques yielding insights
beyond normal microstructural investigations, identify their crystalline
orientation, and measure the grain size to understand how these factors
influence charge carrier mobility and the electrical properties of AZO
thin films with three different structures. Besides, this research examines
the impact of incorporating an ITO seed layer beneath the AZO film,
focusing on how this configuration enhances grain size, reduces re-
sistivity, and improves electrical conductivity. Particular attention is
given to the effects of grain size and boundaries on charge carrier
mobility and the overall performance of SHJ solar cells.
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The 70 nm AZO film was grown on two types of hydrogenated silicon
thin films, (n/i)a-Si:H and (n)nc-Si:H/(i)a-Si:H, as well as on an
approximately 10 nm ITO seed layer. Transmission electron microscopy
(TEM) is an invaluable tool for examining the nano- and sub-nanoscale
functional structures of materials and has been employed for studies on
thin-film devices, providing deep insights and precise information by
uncovering the microscopic details and correlating them with the
macroscopic properties of the material [18-20]. The innovative appli-
cation of four-dimensional scanning TEM (4D-STEM) with automated
crystal orientation analysis was employed. The orientation and size of
the grains were determined using an electron pattern-matching
algorithm.

Finally, this study demonstrates an in-depth structural analysis of
AZO and ITO thin films in SHJ solar cells. High resolution TEM com-
bined with analytical TEM methods were employed to correlate the
electrical properties and performance of the SHJ solar cells.

2. Experimental details
2.1. TCO deposition and solar cell fabrication

The TCO materials AZO and ITO described in this study were fabri-
cated via magnetron sputtering, all AZO depositions were performed in a
vertical in-line sputtering system by radio frequency mode (RF) of ZnO:
Aly03 (99:1 wt. %) planar ceramic target, with 100 sccm Argon gas flow
rate, 1 kW power, 0.1 Pa pressure, and 100 °C temperature. The target
area is 75 cm x 10 cm.

The ITO films were deposited in a direct current (DC) mode system
from a cylindrical 99:1 wt % Iny03:SnO; target, at 5 kW power, 0.3 Pa
pressure and 200 °C temperature. The diameter and length of the target
is 160 mm and 690 mm, respectively. Corning EAGLE XG glass with a
size of 10 x 10 cm? and a thickness of 1.1 mm was used as a substrate to
investigate the electrical properties of the films. All the films were
annealed at 170 °C for 40 min to mimic the curing step during the
metallization process applied in foll SHJ structures.

Before SHJ solar cells fabrication, the wafers with size (78 x 78
mm?) were chemically cleaned with RCA standard clean 1 (NH4OH:H50:
deionized water), RCA Standard Clean 2 (HCI:H305: deionized water),
and dipped into 1 % HF solution for 5 min to remove the surface oxide.
Subsequently, front intrinsic and n-doped hydrogenated amorphous
silicon layers were deposited a-Si:H(i/n) with a thickness (4 nm/4 nm)
and rear intrinsic and p-doped hydrogenated amorphous a-Si: H(i/p) (6
nm/10 nm) stack layers were deposited on the texture surfaces by
plasma enhanced chemical vapor deposition (PECVD) using a AK Inline
1000 system from Meyer Burger. Next, ITO and AZO layers were
deposited via sputtering, with the detailed AZO and ITO parameters
described above. For SHJ solar cells with nc-Si:H, detailed parameters
have been previously reported in [21]. For SHJ solar cells with ITO/AZO
layers, only the carrier speed was adjusted to maintain the desired film
thickness, while the remaining deposition parameters were kept the
same. For the ITO seed layer, the thickness is maintained at 10 nm. The
film thickness was determined by spectroscopic ellipsometry using J. A.
Woollam M 2000 system. Finally, Ag fingers were screen printed on both
sides and cured at 170 °C for 40 min using a Micro-tec Co. MT-650TVC
screen printer with a low-temperature silver paste by Kyoto Elex.

A schematic illustration of the SHJ solar cells used in this study is
shown in Fig. 1(a). A rear-junction SHJ solar cell was fabricated on an n-
type Czochralski (Cz) silicon wafer. On the front side, and for simplicity,
we named the samples cell 1, consisting of (n)a-Si:H, cell 2 with (n)nc-Si:
H followed by AZO and cell 3, which has (n) a-Si:H, ITO, and AZO layers.
Fig. 1(b) shows the zoomed-in view of the front side of Fig. 1. a. Rear-
junction SHJ solar cells were produced using n-type Czochralski sili-
con wafers (100) from LONGi with a thickness of 135 ym and a re-
sistivity of 1 Ohmem. The film thicknesses are shown in Fig. 1(b) to fulfil
the requirements of the SHJ solar cells.
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Fig. 1. (a) The schematic illustration of a standard n-type c-Si substrate SHJ solar cell, the window layers of three groups of SHJ cells fabricated for this study (b) the
zoomed-in view of the front side of (a) Cell 1: AZO/(n/i) a-Si:H Cell 2: AZO/(n)nc-Si: H/(i)a-Si:H Cell 3: AZO/ITO/(n/i)a-Si:H.

2.2. Sample characterization

The charge carrier concentration, charge carrier mobility, and re-
sistivity of the AZO and ITO films on glass substrates were measured
using Hall measurements in the van der Pauw geometry. To evaluate the
solar cell performance, the current density-voltage (J-V) characteristics,
surface reflectance, and external quantum efficiency (EQE) were tested
under standard conditions (25 °C, AM 1.5 G, 100 mW/cm?) using a
LOANA characterization system from pv-tools with a wave labs Sinus
220 light source.

Cross-sectional TEM specimens were prepared using the dual-beam
focused ion beam (FIB) method on FEI Helios NanoLab 460F [22]. A
FEI Tecnai F20 TEM operated at 200 kV was used to obtain
high-resolution TEM images of the thin films on the solar cell, and the
Gatan Digital Micrograph software was used for image processing. The
AZO and ITO film phases were characterized using grazing incidence
x-ray diffraction (GIXRD) measurements, using a Bruker D8 Advance
diffractometer with Lynxe XE stripe detector operated in OD-integration
mode. The X-ray source utilized Cu Ka radiation (A = 1.5406 A). The
diffraction patterns were recorded over a 20 range of 15° to 75° The
effective carrier lifetime of the samples with symmetrical passivation
layers was measured using the quasi-steady-state photoconductance
(QSSPC) technique using a Sinton Instruments WCT-120 lifetime tester
[9]. Elemental composition analysis and line scans for different regions
along the thin film were conducted using energy-dispersive X-ray
spectroscopy (EDX) performed on a Thermo Fisher Scientific (TFS)
Spectra operated at 300 kV. The STEM-EDX line scans were recorded
and evaluated using the TFS Velox software. Detailed investigation of
the orientation, phase, and sizes of the grains were performed by

integrated and near real time 4D-STEM data acquisition and analysis
using a TESCAN TENSOR operated at an acceleration voltage of 100 kV.

At each pixel in the STEM dataset, TENSOR rapidly acquired a
diffraction pattern with a size of 120 mrad and a precession angle of 0.8°
[23]. The template of the diffraction pattern was created using the
Crystallographic Information Framework (CIF) file for each material.
AZ0 is a hexagonal wurtzite belonging to the space group P63mc, with
lattice constants of a = 3.2495 A and ¢ = 5.2069 A (JCPDS #36-1451).
ITO is a cubic bixbyite, and the symmetry of the space group is (Ia3
#206), with a lattice constant of a = 10.117 A and ¢ = 10.118 A (JCPDS
#06-0416). To quantitatively measure grain size from the TEM images,
the basic ImageJ software was used, to analyze the typical grain sizes of
AZ0 and ITO of approximately 100 grains and process the data to obtain
an accurate distribution [24].

3. Results and discussion

3.1. Electrical performance of SHJ solar cells with AZO and AZO/ITO
layers

Fig. 2 (a, b, c and d) shows the J-V measurements of the SHJ solar
cells with different front contacts. When nc-Si:H was used, the open-
circuit voltage (V,) of the SHJ solar cells was higher than that when
a-Si:H was used, as shown in Fig. 2(a). However, Fig. 2(b) shows that the
average short-circuit current densities (Js.) of the cells with AZO/a-Si:H
and AZO/nc-Si:H are similar, whereas the AZO/ITO contact has a
0.2-0.4 mA/cm? higher Ji.. Fig. 2(c) shows the fill factors (FFs) of solar
cells with AZO-only layers, which are comparable regardless of whether
they are grown on a-Si:H or nc-Si:H. A difference was observed when 10
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Fig. 2. (a) The open-circuit voltage (V,,), (b) short-circuit current density (Js.),
(c) fill factor (FF), (d) power conversion efficiency () of the solar cells with
AZO front contacts.

nm ITO was inserted between the AZO and n-type a-Si: H. A higher FF in
AZO/ITO films was also reported by Tang et al., showing that the AZO/
ITO stack has better contact with the a-Si:H layer and significantly im-
proves the V. significantly to 732.7 mV compared with AZO only [9].
Overall, the power conversion efficiency (n) of AZO/ITO stacks was the
highest among the cell types, reaching 23.6 % in Fig. 2(d). The different
cell types originate from the AZO growth on different layers.

Fig. 3 (a and b) show the electrical properties of the AZO films.
Specifically, the resistivity and carrier concentration measurements
indicate that cell 1, which uses AZO only, has a resistivity of 2.01 x
1030hmem. Cell 2 also has a slightly higher resistivity of 2.20 x 107
Ohmem and in cell 3, the combination of AZO and ITO provided a lower
resistivity of around 1.43 x 10> Ohmem, this is attributed to the su-
perior charge carrier mobility in cell 3 and can translate into a reduced
series resistance, leading to a higher FF and improved power conversion
efficiency, as shown in Fig. 2 (c and d). Ultimately, in cell 1, AZO-only
films typically reveal a good charge carrier concentration in the range
of 1.86 x 10%%cm’®, whereas cell 2 reveals a higher charge carrier con-
centration of 2.40 x 10%° cm™. However, cell 3 with AZO/ITO has a
charge carrier concentration of 2.16 x 10%° cm®, Despite cell 2 having
the highest charge carrier concentration among all the cells, it had a
lower charge carrier mobility, as shown in Fig. 3(b).

Nevertheless, the improvement in the charge carrier mobility of the
AZO/ITO layer (up to 20.3 cm?/Vs) might be a result of the larger grain
size of 34 nm, allowing more efficient charge carrier transport compared
to moving through the AZO/ITO layer more easily, reducing recombi-
nation losses, and resulting in more efficient solar cells with a higher FF
and improved overall electrical performance, as shown in Fig. 2.

On the other hand, the charge carrier mobilities are 16.7 cm?/Vs and
14.1 cm?/Vs, and the grain sizes of 31 nm and 26 nm for cells 1 and 2,
respectively, as shown in Fig. 3(b). The lower charge carrier mobility
might be due to smaller grain sizes compared with the cell 3 AZO/ITO
double-layer; for example, in the case of cell 2, the small and undefined
grains, especially close to the interface of the nc-Si:H, lead to increased
grain boundary scattering and subsequently increase the resistivity, as
will be discussed later.

In general, the increase in charge carrier mobility is ascribed to the
larger grain size, which reduces grain boundary scattering, allows for
better carrier transport, and lowers the resistivity of the film. Mean-
while, from the electrical properties, cell 3 exhibited a higher charge
carrier mobility and a larger FF than the AZO-only structure in cells 1
and 2 regardless of the charge carrier concentration, which means that
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Fig. 3. (a) Resistivity and carrier concentration for the three cells in this study,
and (b) Charge carrier mobility and average grain diameter.

the charge carrier concentration may not affect it as much as the charge
carrier mobility [15,25]. However, Zhang et al. examined the impact of
low sputtering pressure on the structural, electrical, and optical char-
acteristics of AZO thin films. The study was conducted on the effects of
reduced working pressure on AZO thin films at ambient temperature
using RF magnetron sputtering, regardless of the Ar flow rate. As the
working pressure varied from 0.02-0.32 Pa, changes in morphological
properties were observed. The lowest resistivity achieved is 6.40 x 107*
Ohmem, with charge carrier mobility playing a more significant role
than carrier concentration in this outcome [15].

In order to link the electrical and optical properties with the grain
size and orientation detailed descriptions of the following literatures,
Park et al. showed that the grain size was calculated in the range of 46
nm. The lowest electrical resistivity was 4.65 x 107 to 2.98 x 107
Ohmem and the average transmittance was 79 to 82 % [26]. Zhang et al.
estimated the grain size of AZO deposited by magnetron sputtering to be
in the range of 36.3 nm. The grain sizes of the different samples were
calculated from the corresponding full width at half maximum (FWHM)
of the (0002) diffraction reflection based on the Scherrer formula, with
an electrical resistivity of 6.4 x 10~* Ohmem and the average trans-
mittance of 74 % [15]. In addition, the grain size ranged from 30 nm to
39 nm. Misra et al. reported the electrical resistivity was 1.90 x 102 to 8
x 10~* Ohmem and the average transmittance was above 87 % [27].
Interestingly, all these studies showed a considerable influence of grain
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size on the electrical properties of AZO films, one can find further in-
formation on the optical properties of the SHJ solar cells with AZO thin
layers reported in Ref [21,28,29]. AZO and ITO as front layers in SHJ
solar cells require high transparency across the UV-Vis-NIR wave-
lengths. In our laboratory, we have successfully developed AZO and ITO
films with transparency exceeding 80 %, making them well-suited for
our applications. Regarding the AZO/ITO bilayer, we have ensured that
our films maintain sufficient transmittance and low absorptance, which
are crucial for allowing light to reach the absorber layer in SHJ solar
cells. Additionally, we carefully control the thickness of the bilayer
AZO/ITO to function as an effective anti-reflection coating, thereby
enhancing the generation of photogenerated carriers. Furthermore, the
improved crystallinity of the bilayer ITO/AZO film enhances charge
carrier mobility, leading to lower film resistivity and better electrical
performance.

A comprehensive review of the literature, as presented in Table 1,
highlights the performance of AZO-related SHJ solar cells. Our AZO-
based SHJ solar cell stands out with remarkable efficiency.

3.2. Structural evaluation

Fig. 4. shows the HRTEM images for cell 1 and the corresponding
Fast Fourier transform (FFT), providing detailed structural insights into
the typical columnar grains of AZO thin films deposited by RF sputtering
on the a-Si:H film. Fig. 4(a) shows HRTEM images of one grain of the
AZ0 film with a size of 53.8 nm and Fig. 4(b) shows a different grain of
the same layer with a size of 26.2 nm. A similar experiment was con-
ducted in cell 2, composed of AZO on nc-Si:H, resulting in even smaller
grain sizes. However, one can see it in the Appendix Section Fig. Al. The
FFT diffraction pattern exhibited a strong intensity corresponding to an
interplanar spacing of d = 0.2610 nm for the (0002) plane of the AZO
hexagonal phase. The preferential growth along the c-axis, perpendic-
ular to the silicon substrate, as indicated by the arrow in the growth
direction is a characteristic feature of highly oriented ZnO-based thin
films. This vertical grain alignment can reduce grain boundary density
along the conduction path, minimizing carrier scattering and charge
trapping at defect sites, which can significantly impact electron trans-
port and reduce series resistance in solar cells. The combination of
HRTEM imaging and FFT analysis confirmed the crystalline nature of the
AZO0 grains. The strong alignment along the (0002) plane supports the
idea that the deposition process creates a film with a well-defined
crystalline structure, which generally improves the conductivity of the
AZO thin film [15], electron mobility, resistivity, and overall perfor-
mance of the AZO layer.

Figs. 5(a) and (b) show the HAADF-STEM and EDX elemental maps
of the sample with the thin film in cell 3 consisting of the ITO/AZO
double-layer. Fig. 5(c) show the elemental maps of silicon (yellow),
indium (blue), zinc (green), and oxygen (red). Indium (In) is the
brightest line in the HAADF-STEM image owing to its large atomic
number based on Z-contrast imaging. Therefore, the darker contrast
indicates a light element and the bright contrast indicates a heavier
element at that location [35], which offers an understanding of the
elemental distribution within the AZO/ITO double-layer.

Table 1

Summary of the performance of AZO-related SHJ solar cells, adapted by [9].
AZO Percentage Voc Jsc (mA/ FF 7 (%) Ref. (Year)
(%) (mV) cm?) (%)
100 708 34.35 79.1 19.2 [7] (2015)
100 718 37.0 76.1 20.2 [30] (2018)
100 730 39.6 78.9 22.8 [31] 2018)
50 / / / 22.6 [32] (2019)
100 / / / 22.5 [32] (2019)
/ 726 40.81 80.87 23.96 [33] (2019)
50 741 39.0 81.6 23.6 [34] (2021)
85.6 738 38.62 83.4 23.8 [9] (2023)
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/l// Growth direction

5nm

Fig. 4. (a) HRTEM image of sample cell 1 with a scale bar of 10 nm has an
average grain size of 53.8 nm and the corresponding FFT pattern; (b) HRTEM
image of sample cell 1 with a scale bar of 5 nm and its average grain size of 26.2
nm and the corresponding FFT pattern.

Further observations of the columnar microstructures of ZnO-based
thin films have been reported in Refs. [18,31]. The microstructure and
morphology of ZnO-based materials were studied using x-ray diffraction
(XRD) characterization as described in Refs [17,14,36-38]. For cell 1
with the AZO-only film, x-ray diffraction showed stronger reflections for
the (0002) and (1013) planes, indicative of the polycrystalline wurtzite
hexagonal structure. In contrast, cell 3 with the ITO/AZO film exhibited
(222), (0002), and (1013) reflections. In the XRD pattern, the (0002)
and (1013) reflections emerge from the AZO film and the cubic (222)
reflection from ITO appears, indicating that the ITO crystallites were
preferentially arranged with the (222) planes parallel to the substrate
surface, which can contribute to improved electrical conductivity and
charge carrier mobility [9], as shown in Fig. 5(d). The observed changes
in crystallographic structure between AZO-only and ITO/AZO films
further emphasize the role of the ITO seed layer in enhancing grain
growth and thus reducing resistive losses in SHJ solar cells.

3.3. Orientation mapping and influence of grain size and boundaries

Analytical investigation via 4D-STEM mapping allows the selection
of orientation/phase measurements for near-real-time orientation and
phase mapping of single- and multiphase polycrystalline and amorphous
materials. In this method, an electron beam with approximately 1 nm in
size was scanned across the specimen while acquiring diffraction pat-
terns at a high speed of hundreds of frames per second using an inte-
grated hybrid-pixel direct electron detector. A template-matching
algorithm is used to index each experimental diffraction pattern by
automatically matching the templates from the kinematic diffraction
modelling. The diffraction templates were precomputed for each
orientation of the given material, based on its crystal structure [23].
Template matching is fully automated and can generate an estimate of
the measurement confidence using cross-correlation between the tem-
plates and experimental diffraction patterns. Precession electron
diffraction was also applied to average out dynamical diffraction effects
and increase the reliability of orientation and phase identification. A
reliability map is particularly useful for identifying grain boundaries
because these areas typically have low reliability [39].
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Fig. 5. (a)High annular dark-field (HAADF) STEM image obtained at a comparable position within cell 3, (b) The composite image of elemental mapping (indicated
with the arrow the same with growth direction), (c) The compositional mapping for each element is silicon (yellow), indium (blue), zinc (green), and oxygen (red),
(d) XRD pattern of the TCO film, where red indicates cell 3 and black indicates cell 1, adapted from [9].

Fig. 6 shows the BF-STEM images recorded along the [100] direction
of the silicon substrate; the scanning area for each image was 2 pm x 2
um, providing a resolution of approximately 2 nm per spot size. Fig. 6 (a,
b, and c) show the virtual BF-STEM images and the diffraction patterns
for the silicon substrate. The formation of sharp edges of the textured
film was observed in all three samples, indicating a good growth quality
and characterization tool resolution. Fig. 6(a) shows the AZO film
deposited on the (n/i) a-Si:H in cell 1, a predominantly perpendicular
grain orientation relative to the silicon substrate, forming a columnar
structure. This columnar growth is typical for RF sputtered AZO films
and is associated with improved carrier transport due to reduced grain
boundary scattering [14]. However, the grain size remains relatively
moderate, which can still lead to some resistive losses in the AZO layer,
especially close to the interface with the silicon substrate. Fig. 6(b)
displays the AZO film deposited on the nc-Si:H in cell 2, which still has
perpendicular growth with respect to the substrate similar to cell 1;
however, we noticed small grains close to the substrate. These smaller
grains can introduce a higher grain boundary density, increasing charge

(n/i)a-Si:H

. .
50.0 mrad

AZO

ey

Virtual BF-STEM

(n)nc-Si:H/(i)a-Si:H

carrier scattering and limiting charge carrier mobility. This observation
suggests that the underlying nc-Si:H layer may influence the nucleation
process, leading to a finer grain structure near the interface. Fig. 6(c)
shows the AZO with the ITO seed layer in cell 3, the grains are larger
than those of cells 1 and 2. The presence of the ITO seed layer appears to
promote enhanced grain growth and improved crystallinity, resulting in
reduced grain boundary density and higher charge carrier mobility. The
larger grain structure in cell 3 correlates well with the improved elec-
trical conductivity and reduced resistivity observed in previous mea-
surements. While Fig. 6 provides BF-STEM images for the structural
evolution of the AZO and AZO/ITO films, the subsequent Fig. 7 further
clarifies the grain size distribution and structural characteristics.

Fig. 7 (a, b, and c) show the phase reliability maps for the first col-
umn (a) cell 1 with AZO deposited on a-Si:H, the second column (b) cell
2 with AZO deposited on nc-Si:H, and the third column (c) cell 3 with
AZO deposited on the seed layer ITO. The orientation phase maps
display only two different phases in all cells, confirming the expected
materials composition and phase distribution across the films, which are

(n/1)a-Si:H
(c)

* e
50.0 mrad

ITO/AZO

protective
layer

Fig. 6. (a) shows the virtual BF-STEM and diffraction patterns of the silicon substrate in the inlets.
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Fig. 7. (a, b and c) shows the phase reliability map, for cells 1, 2, and 3 from left to right. (d, e, and f) show the orientation map along the electron beam direction (z-
axis) of cells 1,2 and 3 from left to right. (g, h, and i) show a magnified view of the respective orientation mapping along the z-axis the gray color for the protective

layer, and (j) color code inverse pole figures for the Si substrate and AZO.

Si and AZO.

Fig. 7 (d, e, and f) shows the orientation map along the z-direction,
where the electron beam of the microscope is along the z-direction of the
grains, in which the grains in the AZO films for all cells tend to overlap
and expand along the film thickness in the textured samples, resulting in
depth-related uncertainties in the orientation maps. The texturing effect
is particularly relevant for understanding charge transport behavior, as
grain overlap and alignment along the growth direction can influence
charge carrier mobility and resistivity. Fig. 7(d) shows the orientation
map for cell 1, where AZO deposited on the a-Si:H layer shows some-
what large and laterally extended grains along the Silicon substrate, and
the images also show the existence of different crystalline phases. Fig. 7
(e) for AZO deposited on nc-Si:H in cell 2 shows undefined and disor-
dered small grains in the middle of the film, gradually forming randomly

on the film surface. Leading to a more heterogeneous and less organized
structure compared to cell 1. This irregular grain distribution may
contribute to higher resistivity due to increased grain boundary scat-
tering, which can impede charge carrier mobility and negatively affect
the electrical performance of the AZO layer.

Fig. 7(f) shows the AZO sample on the ITO seed layer in cell 3, which
exhibits undefined and irregular large grains along the Silicon substrate.
which contrasts with the more uniform columnar grains seen in cells 1
and 2. The structural differences observed in cell 3 suggest that the ITO
seed layer plays a critical role in modifying grain growth dynamics,
promoting lateral grain expansion near the substrate and facilitating a
more efficient charge transport pathway.

These are evident in the orientation maps and are clearly visible in
Fig. 7 (g, h, and i), which show the magnified areas of the orientation
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maps in Figures (d, e, and f), respectively. For simplicity, we masked the
protective layer with grey color in Fig. 7. The color-coded inverse pole
figures for the silicon substrate on the right and the AZO on the left are
shown in Fig. 7(j), considering that the color-coded orientation maps
from the Silicon substrate, which is the cubic phase, are different from
those of AZO thin films, which is hexagonal.

In summary, Figs. 6 and 7 demonstrate a structural comparison of the
three different cell configurations: cell 1: AZO on a-Si:H, cell 2: AZO on
nc-Si:H, and cell 3: AZO/ITO. The 4D-STEM complemented by an
automated crystal orientation analysis is also supported by the TEM
images in Figure A 2. The orientation and size of the grains were
determined for all three cell types. Cell 1 had larger grains that were
typically started at the interface. However, sample cell 2 started with
small grains close to the substrate and the grain size increased along the
thickness of the AZO film, which may explain the higher resistivity of
cell 2. Typically, most of the grains in cells 1 and 2 were perpendicular to
the substrate. This can be attributed to the on-par fill factor for cells 1
and 2. Sample cell 3 demonstrated higher grain sizes in the lateral di-
rection close to the substrate and exhibited some perpendicular growth
at the top of the AZO film, which was attributed to the lower resistivity
of cell 3 and a higher fill factor FF. On the other hand, cell 3 demon-
strated superior grain growth, with larger lateral grains near the sub-
strate and a transition to perpendicular growth at the top of the AZO
film. This unique microstructure is likely responsible for lower re-
sistivity and an improved FF in cell 3, further confirming the beneficial
effects of incorporating an ITO seed layer in optimizing AZO-based TCO
performance for SHJ solar cells.

Fig. 8 shows the quantitative evolution of the change in the micro-
structure, specifically the grain size and diameter distributions, for

(n/)a-Si:H
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different cell types. A minimum of 100 grains was selected, and the
histograms for the grain diameter were measured based on the orien-
tation of the grain boundary annotation layer.

The identified size of the grains varies from 5-90 nm for all cells,
where smaller grains were observed in sample cell 2, whereas larger
grains were observed in sample cell 3. Suggesting a direct influence of
the underlying substrate and seed layer on grain growth dynamics.

For sample cell 1, as shown in Fig. 8(a) with AZO deposited on a-Si:H,
grain boundaries were present in columnar growth, originating from the
initial stages of growth. Fig. 8(b) shows sample cell 2 with AZO depos-
ited on nc-Si:H, which exhibited irregular and small grains during the
initial stages of the films. Fig. 8(c) sample cell 3 with AZO and seed-layer
ITO exhibited large grains and irregular boundaries. The ITO seed layer
appears to promote enhanced grain growth, facilitating the formation of
fewer grain boundaries and a more uniform crystalline structure. The
increase in grain size in cell 3 correlates well with its lower resistivity
and higher charge carrier mobility, as observed in previous electrical
performance. The irregular grain boundaries, while present, are signif-
icantly less dense than those in cell 2, further supporting the role of ITO
in improving grain connectivity and overall film quality.

The statistical study revealed that the AZO deposited on a-Si: H had
an average grain size of 31 nm, the AZO deposited on nc-Si:H has an
average grain size of 26 nm and the AZO deposited on seed layer ITO had
a 34 nm as illustrated in Fig. 8 (d, e, and f).

The correlation between grain size, film morphology, and electrical
conductivity suggests that optimizing the underlying layer composition
can be an effective strategy for improving charge transport efficiency
and device performance.

Fig. 9 (a and b) shows a schematic representation of the grain sizes
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Fig. 8. (a, b, and c) Grain boundary annotation layer for cell 1 with AZO/a-Si: H, cell2 with AZO/nc-Si:H, and cell3 with AZO/ITO, respectively; (d, e, and f)

Statistical analysis of grain size distribution.
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Fig. 9. (a and b) Schematic illustration of the grain sizes and boundaries of the basic SHJ AZO deposited on (n/i) a-Si:H and AZO deposited on hydrogenated

amorphous silicon with an ITO layer underneath, respectively.

and boundaries based on STEM images. The orientation analysis of the
two structures shows the crystal structure of cell 1: AZO deposited on (n/
i)a-Si:H/c-Si, and for cell 3: AZO with an ITO seed layer underneath and
(n/1)a-Si:H/c-Si, respectively. Structural defects, such as grain bound-
aries, vacancies, and impurities, cause scattering during charge carrier
movement, reducing charge carrier mobility. In the case of AZO, the
columnar grains are oriented perpendicular to the substrate owing to the
natural growth of ZnO, which possesses a polar lattice that exhibits
piezoelectricity along the c-axis [40]. In contrast, the nonpolar nature of
In-0s means that its surfaces do not exhibit spontaneous polarization
effects similar to those of ZnO [25,41]. This might also explain why the
growth behavior of ITO contributes to high lateral conductivity, which is
further supported by the increased carrier concentration and high fill
factor, featuring a double-layer AZO/ITO in cell 3.

Overall, the improved mobility and higher fill factor observed for the
AZO/ITO sample cell 3 can be largely attributed to its large grain size
and grain boundaries. Conversely, the reduced charge carrier mobility of
AZO on nc-Si:H can be attributed to a decrease in grain size within the
bulk material. This may also suggest an increase in the film resistivity
and a decrease in the fill factor for cell 2. Interestingly, the AZO on a-Si:H
exhibited a consistent range of charge carrier mobility and fill factor,
similar to that of AZO on nc-Si:H. This suggests that grain size alone may
not be the sole determinant of electrical performance, and additional
factors such as interface quality, defect density, and film passivation
may also contribute to the overall device behavior.

4. Conclusion

In conclusion, this study presents a novel approach to investigate the
microstructural of AZO transparent conducting oxide layers on silicon
heterojunction solar cells using the 4D-STEM technique, thereby offer-
ing valuable insights into the microstructure and growth behavior of
AZO thin films. These insights contribute to understanding the addi-
tional impact of the ITO underlying layer on the microstructure of the
AZO. The technique of mapping the orientation and grain size by 4D-
STEM enabled the identification of the microstructure of the AZO film.
This is due to the polycrystalline structure and the small grain size of the
film. This study presents a detailed structural characterization of AZO
and ITO thin films on silicon heterojunction solar cells using HRTEM
imaging along with analytical TEM techniques, which helped examine
and analyze the grain size and orientation of the AZO films.

Analysis of the STEM images revealed some features of the AZO film
grown on both the a-Si:H and nc-Si:H layers and the ITO seed layer. The

first structure of AZO on a-Si:H shows columnar grains in the direction
perpendicular to the substrate, which is evident in the orientation maps
that are likely to enhance the carrier mobility, while the AZO film on nc-
Si:H shows small grains in the center of the films that were irregularly
formed on the surface, displaying irregular grain boundaries in the
initial stages of the films, matching the reduced mobility. Furthermore,
the structure with the ITO seed layer exhibited increased grain size and
irregular boundaries. This study demonstrates the impact of the AZO
and ITO seed layer film deposition processes on the grain size, structure,
and electrical properties of the film.
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Fig. A1. HRTEM images of the structure with AZO deposited on (n)nc-Si:H/(i)a-Si:H/c-Si, with scale bars of 25 nm average grain size of 14.8 nm and the corre-
sponding FFT pattern.
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Fig. A2. HRTEM images of the structure with AZO/ITO deposited on (i/n)a-Si:H/c-Si, with scale bars of 20, 5, and 10 nm, respectively, from left to right.
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