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Aluminum doped ZnO is one of the main candidates to replace indium tin oxide used as a transparent
conducting oxide. Despite the intensive research, the mechanism behind the poor thin-film-resistivity
uniformity over the sample deposited by magnetron sputtering is not completely understood. Several
independent reports correlate the mirroring of an erosion track on the substrate with energetic negative
oxygen ions. However, their role on assisting the thin film growth is not known. In this work, the
physical and chemical properties of aluminum doped ZnO are measured with a high spatial resolution at
different thin film deposition pressures. The results show that Zn depletion by energetic negative oxygen
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ion re-sputtering is the main factor correlating with the resistivity and the band gap energy profiles of
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1. Introduction

Transparent conducting oxides (TCOs) are essential thin films
for solar cells, touch panels, organic light emitting diodes
and smart windows.'™ Recent applications also include plas-
monics,® electron transport layers,” gas sensors® and optical
spacers.” This large market comes with high demands for the
fabrication cost, throughput, and availability of raw materials.
So far, indium tin oxide (ITO) deposited by magnetron sputter-
ing provides a resistivity below 2 x 10”* Q cm and an average
transmittance of above 80%, which makes it the most used
TCO." However, the limited availability of indium, coupled with
its intensive use, requires a timely replacement. ZnO is an
n-type semiconductor that can reach resistivities below
10 Q cm by doping with several elements, among which Al
is regarded as a very promising dopant being one of the most
abundant metals. While aluminum doped zinc oxide (AZO)
with resistivities below 1 x 10~ Q cm has been reported by
several research groups,®' the main problem stands on the
limited area (smaller than the sputtering target) were such vales
have been measured, which most of the times is near the edge
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of the substrate. A schematic cross section of a circular magne-
tron sputtering head is shown in Fig. 1(a) including the set of
permanent magnets placed behind the target, the high-density
plasma of a torus shape, and the substrate facing the target in
a parallel configuration. The magnetic field increases the
collision probability of electrons with the neutral gas, elevating
considerably the plasma density, with a direct impact on the
sputtering rate. This particular geometry results in a very well-
defined erosion track on the target surface, which is adjacent to
the high-density plasma torus. AZO targets are conductive
enough to sustain direct current (DC), pulsed DC, medium-
frequency, radio-frequency (RF), or high-power impulse opera-
tion modes.?” Electrons and ions form a quasi-neural plasma in
the space between the negatively biased target (cathode) and
the ground (anode) except for the cathode, anode and substrate
sheaths. The cathode sheath thickness and the voltage-drop
across it, with respect to plasma potential, depend on the
operation mode, besides the other main parameters such as
the plasma density and target material.>® The anode sheath is
also influenced by various factors, including the magnetron
configuration, operation mode, proximity to targets and surface
conditions. A sheath can also form in front of the substrate
depending on its bias. The needed oxygen can be embedded in
the target (oxide target) or supplied in the gas phase for
metallic targets (reactive sputtering). Despite a lower cost for
metallic targets, the complex control of the reactive process and
contamination issues associated with Zn favors AZO deposition
from oxide targets.” DC and RF operation modes are essentially
different when taking into account the discharge mechanism.’*
However, in both cases, the high flux of positive ions impinging on

This journal is © The Royal Society of Chemistry 2022
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(@) Schematic cross section of a circular magnetron sputtering head. (b) Geometric details on the target, tuning-electrode and substrate

arrangement. (c) Typical DC self-bias dependence on pressures with and without the tuning-electrode measured with an AZO target for 30 W RF power.

the target at the erosion track releases low-energy secondary
electrons that can easily form negative oxygen ions (by electron
attachment) to be then accelerated towards the substrate by the
cathode sheath.>*>® The correlation between the spatial dis-
tribution of the resistivity with the erosion track on the target
surface was reported more than three decades ago and is
believed to be attributed to two main factors: 1) the role of
energetic negative oxygen ions’ and 2) atomic oxygen.’ The first
assumption was verified rather recently by Bikowski et al.*®
Moreover, it was also reported that the negative oxygen ions
reach higher energies in DC than those in RF at 13.56 MHz with
a trend of further decreasing energies by RF excitation at even
higher frequencies such as 27.12 MHz.”® As far as it is known,
there is yet no direct evidence correlating the resistivity with
atomic oxygen. Metal oxide thin films deposited by magnetron
sputtering are widely used in various applications including
thin film transistors, energy devices and sensors where uni-
formity is a critical parameter.>”*® This underlines the impor-
tance to know the role of negative oxygen ions during the thin
film growth of metal oxides. This issue was reviewed by Ellmer
et al. including several options to diminish the influence of
negative ions.”* When depositing AZO by DC magnetron sput-
tering using Ar, Kr, and Xe, Sato et al. attributed the enhanced
degradation observed for Kr and Xe with possible preferential
Zn re-sputtering.*® However, Ar is the preferred choice for TCO

This journal is © The Royal Society of Chemistry 2022

deposition. In two very recent publications, Stamate reported
AZO resistivity variations larger than two orders of magnitude
for a span on the substrate of less than 10 mm®' and demon-
strated the possibility to reduce the detrimental role of negative
ions by reducing their energy with a tuning electrode (TE)** as
schematically presented in Fig. 1(b). Moreover, the spatial
distribution of plasma parameters resolved with a dual, electro-
static-thermal probe revealed no direct correlation between the
erosion track and plasma density, electron temperature and
plasma potential.*® Stamate found it of high relevance that the
narrow range of a low DC self-bias that ensures a minimum
energy for negative ions corresponds to a transition region
from a plume-like plasma discharge to the normal magnetron
sputtering operation as presented in Fig. 1(c) where the DC self-
bias as function of pressure is presented with and without the
TE.**?3 Very recently, it was demonstrated that gallium doped
zinc oxide and ITO exhibit the same dependence of the self-bias
with pressures as reported for AZO; however, only AZO exhi-
bited the most noticeable correlation of the optoelectronic
properties with the erosion track.** The optoelectronic and
analytical properties of AZO thin films by sputtering have been
intensively studied by X-ray photoelectron spectroscopy (XPS),>>*
X-ray diffraction (XRD)*>***' and Raman spectroscopy’®*° for
various parameters (e.g., pressure,**** 47 target to sub-

power,
strate distance,*"*® substrate material,” oxygen gas fraction,>*""
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substrate temperature,*® plasma excitation mode,
ing temperature,®"> target erosion,'® and Al doping fraction®®).
However, so far, no conclusive correlation has been reported
between the role of negative oxygen ions and the physical and
chemical properties of AZO thin films as to be able to obtain
resistivities below 10> Q c¢m for a deposited area comparable
with that of the target. This work presents the spatially resolved
physical and chemical parameters of AZO thin films deposited by
radio-frequency magnetron sputtering using an oxide target with
the aim of understanding the link between the intrinsic particu-
larities of the magnetron sputtering discharge and the AZO thin
film properties.

2. Experimental section

Materials

The AZO sputtering target (2 inch in diameter, 2% Al,O; to 98%
ZnO by weight) was supplied by Kurt Lesker (Jefferson Hills,
USA). The AZO thin films were deposited on 10 x 50 mm® soda
lime glass substrates (0.5 mm in thickness) cut from 100 x
100 mm® plates provided by Semiconductor Wafer, Inc.
(Hsinchu, Taiwan). Up to 8 samples were placed on a large
substrate holder that allowed the rotation exposure to the
cathode, without breaking the vacuum or turning off the
plasma discharge. A certain positioning of the large plate
accommodating the TE was used as a shutter during the time
needed for the small adjustments of the deposition para-
meters.>* All samples were deposited at a 30 W RF power for
30 min. There was no intentional heating of the substrate
except for the mild effect of plasma exposure (below 50 °C).

Thin film deposition

The AZO target was mounted using a TORUS®™ magnetron
sputtering cathode (Kurt Lesker, Jefferson Hills, USA) with a
balanced magnetic field configuration. Following prior optimi-
zation, the target-to-substrate distance (see D; in Fig. 1(b)) was
kept at 35 mm and the tuning-electrode-to-substrate distance
(see D, in Fig. 1(b)) was kept at 10 mm, for a TE opening,
® = 60 mm.

Opto-electronic characterization

The sheet resistance was measured using a custom-made
system and a commercial system (KSR-4, Everbeing Int’l Corp.,
Hsinchu, Taiwan). The custom-made system consisted of two
pads distributed perpendicular to the sample length for provi-
ding a uniform current and two pins for measuring the drop
voltage. The film thickness was measured using a Filmetrics 20
instrument (KLA Co, San Diego, USA). The transmittance
spectra were recorded using a Cary 100 UV-VIS spectrometer
from Agilent (Victoria, Australia).

TOF-SIMS

A TOF-SIMS IV (ION-TOF GmbH, Miinster, Germany) was
employed to analyze the samples. 25 ns Pulses of 25 keV Bi"
(primary ions) were arranged to form ijon packets with a

14446 | J Mater. Chem. C, 2022,10, 14444-14452
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nominal temporal extent of <0.9 ns at a repetition rate of
10 kHz, yielding a target current of 0.8 pA. These primary ion
conditions were used to obtain ion images on 50 x 6 mm?>
surface areas (512 x 64 pixels, 1 scan). For all analyses, the
electron bombardment (20 eV) was used to minimize the
charge build-up at the surface. Desorbed secondary ions were
accelerated to 2 keV, mass analyzed in the flight tube, and post-
accelerated to 10 keV before detection. The line profiles were
extracted from the ion images.

XPS

An ESCALAB XI' X-ray photoelectron spectrometer microprobe
(Thermo Fisher Scientific, East Grinstead, UK) was employed to
analyze the samples. A monochromatic Al-Ko X-ray source with
a 650 um spot size and a take-off angle of 90° from the surface
plane was used. Atomic concentrations were determined from
survey spectra (0-1300 eV, 100 eV detector pass energy, 1 eV
step size, 50 ms dwell time, and 2 scans) and were calculated by
determining the relevant integral peak intensities using a
Smart type background. High-resolution Zn-2p;, and O-1s
spectra were recorded (25 eV detector pass energy, 0.1 eV step
size, 50 ms dwell time, and 2 scans) and the Thermo Fisher
Scientific Avantage software (version 5.979, build 06465) was
employed for peak fitting, using a Smart type background, a full
width at half maximum (FWHM) of 1.5 eV, and a Gauss/Lorentz
mix value of 70%. A spectrum was acquired each 0.5 mm along
the entire sample corresponding to 100 surface locations.

XRD

Crystallographic mapping of the orientation of the deposited
AZO layer was performed by X-ray diffraction using a Rigaku
SmartLab diffractometer in the Bragg-Brentano configuration
(Cu-Ko radiation). Using a x/y translation stage, the 50 X
50 mm” AZO samples were mapped with a resolution of 4 x
4 mm”® using a 5 x 5 mm? beam size controlled by a motorized
divergence slit on the incoming X-ray beam. The 100, 200 and
110 reflections were fitted using a Pseudo Voigt function,
determining the position, intensity and FWHM of the reflections.
The 2D crystal structure analysis of the AZO thin films was
performed via X-ray diffraction (Tokyo, Japan), Bragg-Brentano
geometry, Cu-Ko radiation, 10-90° in 26 and 0.02 step size
degrees.

3. Results and discussion

The spatial distributions of the sheet resistance, film thickness
and resistivity measured on 10 x 50 mm? substrates at different
pressures are shown in Fig. 2(a-c), respectively. This type of
variation has been presented and discussed very recently and
can be summarized as follows.’’* The discharge is in the
plume-like mode at 0.27 Pa with a difference of almost two
orders of magnitude between the sheet resistance values at =0
and |r| = 17 mm and a high re-sputtering rate for |r| < 10 mm
(see the reduced thin film thickness). By reducing the target-to-
substrate distance or increasing the RF discharge power, the

This journal is © The Royal Society of Chemistry 2022
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Fig. 2 Spatial distributions of the (a) sheet resistance, (b) film thickness, (c) resistivity, (d) average transmittance and (e) band gap at different discharge

pressures of thin films deposited over 30 min at a 30 W RF power.

intense re-sputtering observed at 0.27 Pa becomes directly
visible as a complete thin film removal for |r| < 5 mm.*'
Increasing the pressure to only 0.4 Pa brings the discharge in
an intermediate state with much uniform values for the sheet
resistance, thickness, and resistivity but yet a significant re-
sputtering rate for |r| < 10 mm. At 0.53 and 0.67 Pa, the
discharge is in the magnetron sputtering mode with sheet
resistance and resistivity profiles correlated with the erosion
track on the target surface and significantly higher film thick-
ness for |r| < 10 mm (above 350 nm). The sheet resistance and
resistivity exhibit, as expected,®® more than two orders of
magnitude differences at 0.67 Pa (see for example between
values around |r| = 12 mm and r < —20 mm). For completing
the physical characterization, the spatial distributions of the
average transmittance (400 to 700 nm) and energy band gap at
0.4 and 0.67 Pa are shown in Fig. 2(d and e), respectively. While
the transmittance shows a very shallow correlation with the
erosion tracks at 0.67 Pa, there is no noticeable link at 0.4 Pa
where the transmittance is more than 5% higher than at
0.67 Pa. However, the band gap (measured from Tauc plot)
shows a very clear correlation with the erosion track and
significantly higher values (above 3.3 eV) much closer to the
theoretical values of AZO at 0.4 Pa. Noticeably, the band gap at
0.67 Pa increases from 3.05 eV at r = —12 mm to 3.4 eV at
r = —25 mm, locations that also correspond to lowest resistivity
values (see Fig. 2(c)). It is obvious that such a remarkable
evolution within a very narrow pressure range offers a unique
opportunity to perform the analytical characterization in order
to correlate the plasma role and behavior with the physical and
chemical parameters of AZO thin films. For this purpose, the
same samples were used to perform time-of-flight secondary

This journal is © The Royal Society of Chemistry 2022

ion mass spectrometry (TOF-SIMS) and XPS analyses. To avoid
the possible physical interference of the measured points by the
two methods, the measurements by each technique were per-
formed 1.5 mm apart with respect to a symmetry line along
the 50 mm long sample. Al, Zn and Zn/Al intensity ratios by
TOF-SIMS are presented in Fig. 3(a-c), respectively. While the
spatial distributions of Al and Zn intensity correlates to some
extent with sheet resistance and resistivity values presented in
Fig. 2, the correlation of Zn/Al intensity ratio with resistivity
values is remarkable. First of all, the central part with high
re-sputtering at 0.27 Pa shows a noticeable deficit of Zn (Zn/Al
intensity ratio below 0.5) that can be attributed to very different
sputtering yields by energetic oxygen ions. For example, the
sputtering yield as function of oxygen ion energy is presented in
Fig. S1 (ESIf) including the Zn/Al yield ratio.”” The absolute
value of the DC self-bias was below 150 V at all pressures and a
fact that limits the negative oxygen ion to below 150 eV. For this
energy range, the Zn/Al yield ratio exceeds 6 and consequently
supports the assumption of the preferential depletion of Zn by
ionic bombardment for |r| < 5 mm. Ion energy distribution
functions measured during AZO deposition by magnetron
sputtering in DC and RF operation modes revealed higher
energies for DC than RF, reaching close to 500 eV>® where the
Zn/Al yield ratio is still above 4. Since the yield ratio increases
sharply by decreasing the ion energy below 75 eV, it further
complicates the possibility to avoid Zn depletion in the depos-
ited AZO films. The highly localized Al-rich region for |r| <
5 mm correlates very well with the plume-like plasma discharge
mode at 0.27 Pa that have been detected with the dual thermal-
electrostatic probe.>® The Zn/Al intensity ratio reached above
2.4 in Fig. 3(c) for r < —15 mm at both 0.53 Pa and 0.67 Pa

J. Mater. Chem. C, 2022,10, 14444-14452 | 14447
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Fig. 3 Spatial distributions of the (a) Al intensity, (b) Zn intensity and (c) Zn/Al intensity ratio measured by TOF-SIMS on the same samples presented

in Fig. 2.

where the resistivity was below 10~ Q ecm. The most uniform
Zn/Al intensity ratio values, around 2, were obtained for |r| <
15 mm at 0.40 and 0.53 Pa, corresponding to moderate resis-
tivity values around 3 x 10> Q cm. Measuring oxygen by the
extremely sensitive TOF-SIMS technique is complicated due to
the erroneous contribution of residual gas despite very low
operation pressures. In this context, XPS being less sensitive to
residual oxygen could give the needed complementary informa-
tion. The spatial distributions of the O-1s and Zn-2p;/, peaks
obtained from XPS at different pressures measured for the
same samples presented in Fig. 2 are shown in Fig. 4(a). The
Zn depletion for |r| < 5 mm is again observed at 0.27 Pa and
corresponds to a noticeably high contribution in the O-1s peak
at the same location. The same pressures (0.53 and 0.67 Pa)
exhibited higher O-1s and lower Zn-2p;, for z < —25 mm
where the lower resistivity values have been measured. The Zn/Al
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ratios at all four pressures are shown in Fig. 4(b) and reveal a very
strong Zn depletion for |r| < 5 mm, corresponding to the intense
and preferential Zn re-sputtering at 0.27 Pa when the discharge
is operating in the plume mode, in a very good correlation with
TOF-SIMS measurements at 0.27 Pa presented in Fig. 3. However,
while the Zn/Al intensity ratio measured by the very sensitive
TOF-SIMS method correlates very well with the resistivity profile
at all pressures, and the corresponding less sensitive XPS obtained
ratios were very noisy at pressures above 0.28 Pa, with no detect-
able correlation with resistivity. The O, peak shape suggests that it
is composed of ZnO and Zn(OH), contributions as presented in
Fig. 4(c). The spatial distribution of the ZnO/Zn(OH), ratio at
different pressures is presented in Fig. 4(d) and shows a pro-
nounced decrease to below 1.5 for r < —17 mm where the lowest
resistivity values were measured (see Fig. 2(c)). Due to the very low
level of Al doping (only 2%), the Al"® peak at 78 eV exhibited a low
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Fig. 4 XPSinvestigation at different pressures presenting: (a) spatial distributions of O-1s and Zn-2ps,, peaks, (b) the spatial distribution of the Zn/Al ratio,
(c) O-1s deconvolution accounting for ZnO and Zn(OH), contributions, and (d) the spatial distribution of the ZnO/Zn(OH), ratio.
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concentration of oxygen vacancies, and 532.40 £ 0.15 eV (Oyy)
related to loosely bound oxygen on the surface as presented in
Fig. 5 at different pressures. Except for the noticeable localized
variation for |r| < 5 mm at 0.27 Pa, linked to the plume-like
plasma, there is no obvious correlation with spatial profiles
presented in Fig. 2 except for higher values of Oy at the expense
of O; for r < —25 mm at 0.53 and 0.67 Pa where the lowest
resistivity values were measured. In order to take advantage of the
full 2D capability of XRD, pairs of 10 x 50 and 50 x 50 mm® soda
lime glass samples were deposited at 0.33, 0.40, 0.47 and 0.53 Pa.
The 10 x 50 mm’ samples were used to measure the sheath
resistance while the large samples of 50 x 50 mm?® were used to
record the 2D XRD spectra. The sheet resistance values are
presented in Fig. S2 (ESIf) and show, despite the very narrow
pressure range, a pronounced variation for |r| < 10 mm related to
the transition from a plume discharge to a magnetron discharge,
also connected with intense re-sputtering at lower pressures
(0.33 and 0.40 Pa). It is important to specify that the samples at
0.40 and 0.53 Pa are deposited under identical conditions com-
pared to those presented in Fig. 2(a). The 2D mapping on the four
50 x 50 mm? samples of (100), (110), and (002) peaks is shown in
Fig. 6(a-d), respectively. The correlation of the different zones of
the discharge (central, erosion track and edge) with the (100), (110)
and (200) peaks, respectively, is remarkable. Moreover, the XRD
results correlate very well with the corresponding resistivity values
and the Zn/Al intensity ratios obtained by TOF-SIMS. Low resis-
tivity AZO requires the promotion of the c¢-plane (002) Wurtzite
orientation while the m-plane (110) orientation is desired for
applications requiring the anisotropic electrical and mechanical
properties such as signal processing and sensors.*® In an attempt
to control the texture orientation, Takayanagi et al.>® used the
energetic negative oxygen ions to promote the (110) orientation
and the best results were achieved at regions that correlated with
the erosion track, which is in very good correlation with the results
presented in Fig. 6. The central part of the samples, dominated by
the (100) orientation, is strongly correlated with Zn depletion by
preferential sputtering as presented in Fig. 3(c). The very narrow
range of pressure exhibiting the sharp transition from a dominant
(100) orientation at 0.33 Pa to (110) at 0.53 Pa can only be
explained by the observed transition from the plume-like discharge
to the magnetron discharge, where the main plasma parameters,
such as the plasma potential, electron temperature, and plasma
density, presents a clear transition that strongly correlates with the
self-bias variation included in Fig. 1(c).*

4. Conclusion

The properties of AZO thin films have been investigated in a
very narrow range of pressures (0.27 to 0.67 Pa) corresponding
to the minimum values of the DC self-bias that controls the
energy of negative oxygen ions assisting the film growth and
providing the lowest resistivity values over a substrate compar-
able in size with the sputtering target. The TOF-SIMS acquired
spatial distribution of the individual Al and Zn intensities was
found to correlate to some extent with the sheet resistance
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and resistivity. However, the Zn/Al intensity ratio was found to
correlate extremely well with the resistivity values. This was
attributed to the central part having a higher degree of
re-sputtering at 0.27 and 0.40 Pa, which is evident from a
noticeable deficit of Zn, attributed to a very different sputtering
yield by energetic oxygen ions with respect to Al. No obvious
correlation was found between the high-resolution XPS spectra
(Zn-2pz, and O-1s) and the sheet resistance and resistivity,
except for higher values of loosely bound oxygen on the surface
at the expense of the oxygen atoms in fully oxidized stoichio-
metric surroundings (r < —25 mm at 0.53 and 0.67 Pa) where
the lowest resistivity values were observed. Moreover, the
deconvolution of the O-1s peak in three components revealed
a noticeable variation only at the sample center at 0.27 Pa, with
very flat profiles at higher pressures, a fact that will need
further consideration. The Zn/Al ratio by XPS revealed a signi-
ficant Zn depletion only for —10 < r < 10 mm at 0.27 Pa. At the
same time, no detectable correlation could be observed with
the same ratio by neither TOF-SIMS nor the resistivity profiles.
In contrast, 2D XRD profiles exhibited an excellent correlation
with the sheet resistance, resistivity and Zn/Al ratio by TOF-
SIMS, resembling the main regions describing the magnetron
plasma discharge, respectively: (i) the central part, dominant at
low pressures (plume-like discharge) and associated with 100
orientation, (ii) the erosion-track-mirroring, associated with the
110 orientation and the magnetron discharge, which accent-
uates with the discharge pressure increase, and finally, (iii) the
edge or shadow region, associated with the 002 orientation,
where the lowest resistivity values are typically reported for very
small sample areas with respect to the sputtering target. Since
the highest Zn/Al ratios (above 2.5) by TOF-SIMS correlate with
the lowest resistivity values and the dominant 002 orientation,
it is reasonable to conclude that the high depletion of Zn
(zn/Al < 1.5) observed at the sample center for 0.27 favors
the 100 orientation and the mild depletion (Zn/Al < 2.5)
associated with the erosion track favors the 110 orientation.
So far, special attention was devoted to find an appropriate
level of Al doping. However, the present work presents evidence
that Zn depletion needs to be compensated or avoided. This
aspect points at the need to develop improved physical deposi-
tion methods for uniform and low resistivity AZO thin film
deposition that could avoid or compensate the intrinsic parti-
cularities of the magnetron sputtering discharge.
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