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Abstract: We investigate the complexity of the reactive sputtering of highly conductive zinc oxide
thin films in the presence of hydrogen at room temperature. We report on the importance of precise
geometric positioning of the substrate with respect to the magnetron to achieve maximum conduc-
tivity. We examine the electrical properties of the deposited thins films based on their position on
the substrate holder relative to the magnetron. By considering early reports by other researchers on
the angular dependency of plasma parameters and the effect of hydrogen doping on electric and
magnetic properties of hydrogen-doped zinc oxide, we propose a hypothesis on the possibility of
such properties resulting in the observations presented in this report pending further tests to verify
this hypothesis. Overall, in this report we present the guide by which highly conductive zinc oxide
thin film coatings can be prepared via RF sputtering with hydrogen presence along with argon as
the sputtering gas.
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1. Introduction

Transparent conductive oxides (TCOs) are materials that show both transparency
and conductivity, with applications in solar cells, optoelectronics, electroluminescent pan-
els and various flat panel displays, as reported in various studies [1-7]. A band gap of
above 3.3 eV and electrical conductivity in the range of 10* S-cm™ (Siemens per centimetre)
are the fundamental aspects of such materials. Various oxides behave as TCOs among
which indium tin oxide (ITO) is the dominant commercial type [8]. Another TCO material
of choice is indium zinc oxide (IZO), with applications such as transparent electrodes in
heterojunction thin film solar cell structures [9-13].

Indium is the fundamental material incorporated in many of these TCOs (apart from
fluorine doped tin oxide), and the high price of indium and its short global supply impacts
the economics of products associated with this family of TCOs. Hence, an alternative
chemical composition that eliminates indium from these materials while maintaining
their conductivity and transparency will bear significant commercial potential. Many bi-
nary and ternary oxide systems formed from the p-block metals demonstrate transparent
conductive properties, such as CdO, Ga20z, PbO2, CdSnOs, Sb20z, ZnO, etc. [14,15].

Zinc oxide can be a potential alternative as it has the cheapest and most abundant
atomic constituents with no significant toxicity associated with elements such as cadmium
or lead. However, pure zinc oxide does not possess the required electrical properties to
match those of IZO or ITO. Doping zinc oxide with hydrogen is a cheaper option that can
significantly improve the conductivity of this material, and this was initially observed in
1950s [16,17].
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The mechanism by which hydrogen incorporation into the zinc oxide lattice pro-
motes n-type conductivity was theoretically investigated by van de Walle by first princi-
pal calculations based on density functional theory [18]. The behaviour of interstitial hy-
drogen in zinc oxide was studied by van de Walle, and the formation energy of H*, H-, H°
and H: states in bonding centre and anti-bonding locations were evaluated, where H*
demonstrated the lowest formation energy. The study showed that with incorporation of
the hydrogen, an O-H bond forms along the direction of the original O-Zn bond. The
strength of the O-H bond is the main driving force for stabilisation of the low energy H*
configuration. Van De Walle concluded that H* is the stable charge state for all Fermi level
positions in ZnO and acts as a donor [18]. The formation energy of the H+ was shown to
be low enough to allow for large solubility of hydrogen in ZnO. It is interesting to note
that hydrogen is amphoteric in other semiconductors, although not in ZnO. This differ-
ence is due to the strong O-H bond, which lowers the formation energy of H+. Parallel to
this, a complex consisting of an oxygen vacancy and a hydrogen atom acts as a shallow
donor. Such vacancies are low energy defects [19] and neutral, but the hydrogen turns
them into a shallow donor, and as such, a hydrogen located close to the centre of such
oxygen vacancies acts as a substitutional impurity [18]. These theoretical observations
were then verified by electron nuclear double resonance and Muon spin spectroscopy
[20,21]. The Fermi energy level where the positive and negative charge states are equal in
energy occurs above the conduction band minimum in ZnO [22]. Thus, overall we can see
that in a ZnO system, hydrogen acts as donor atom as H*, providing the lattice with an
extra electron as a charge carrier, which in turn makes ZnO an n-type material and influ-
ences the conductivity of the material.

However, apart from carrier density, the mobility of the charge carriers is an even
more important feature of a potential conductor. Mobility is the measure of the velocity
of carriers under an electric field and is inversely proportional to the effective mass of the
charge carrier. The effective mass is inversely proportional to the second derivative of
energy with respect to the k-vector in an E-k plot indicating how the electron states are
spaced in k-space. E-k plot is the curvature of the energy band in a way that the larger
curvature of the energy band translates to a smaller effective mass of the charge carrier
[23]. The energy value computed in the E-k plot is governed by the orbital overlap of
adjacent atoms, where the larger the orbital overlap is, the larger will be the drift of the
charge carrier.

Parallel to the electrical properties of hydrogen-doped zinc oxide, several reported
studies indicate doping of ZnO with hydrogen gives ferromagnetic properties to ZnO [24—
26].

Hydrogenated ZnO nanoparticles are reported to demonstrate ferromagnetism be-
cause due to low formation energies, the formation of Zn vacancies and OH bonding by
hydrogen is favoured in the hydrogenation process, leading to a magnetic moment of
~0.57 uB (Bohr magneton), and the origin of ferromagnetism is explained through the hy-
drogenation of the ZnO polar surface [27,28].

There are some experimental reports on electrical conductivity improvements
achieved in the ZnO system with the addition of hydrogen with respect to TCO materials.
However, such reports only exist at the research state, and no commercial TCO based on
pure ZnO doped with hydrogen is present in the market to the best of our knowledge. We
recently reported on enhancing the electrical properties of IZO and ZnO systems by re-
peated exposure of the sputtering target to an argon/hydrogen mixture as the working
gas [29]. We have now identified interesting complexities associated with reactive hydro-
gen/argon sputtering of un-doped ZnO targets, which we believe are associated with the
reported magnetic properties of hydrogenated ZnO particles, and this report outlines our
observations.
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The authors recently reported on implementing a novel approach through which the
sputtering plasma can be given a unique fingerprint based on the colour of the plasma,
which is identical to the method by which colour functions of a light source are expressed
ina “x” and “y” coordinate system to define the unique colour of the light source [30]. We
applied this technique for monitoring the plasma during these experiments and attempted
to explain our observation by evaluating the colour parameters of the plasma in associa-
tion with the electrical properties of the ZnO thin films deposited via reactive hydro-

gen/argon sputtering.

2. Experimental

The sputtering instrument used for these experiments was a V6000 unit that was
manufactured by Scientific Vacuum Systems limited (SVS Ltd., Wokingham, UK) with a
vacuum chamber with dimensions of ~40 cm x 40 cm x 40 cm with three 6” confocal tar-
gets. The distance between the target surface and substrate (centre to centre) was 15 cm at
a 45° angle. The working gas used in the experiment was an argon-5% hydrogen (Ar + H)
single source; the flow rate of the Ar + H gas for achieving the desired working pressure
in the samples was adjusted accordingly, and sets of chamber pressures were used to de-
posit films associated with 13.9, 10 and 6 sccm Ar + H flow rates resulting in working
chamber pressures of 0.3, 0.23 and 0.15 Pa. The depositions were carried out under 100,
150 and 200 watts of RF (radio frequency) plasma power under each flow rate.

The magnetron of the V6000 unit was fitted with a six-inch diameter of 99.99% pure
zinc oxide (ZnO) target material with a copper indium back bond for efficient thermal
dissipation, and all the depositions were performed at ambient temperature for a period
of three hours. The focus of this report is the presentation of our observation on depositing
highly conductive zinc oxide films via RF sputtering. We try to explain our observations
by proposing a hypothesis based on earlier reports by other researchers on electrical and
magnetic properties of zinc oxide materials doped with hydrogen. However, it needs to
be clear that our hypothetical explanation will require further detailed examinations be-
yond the scope of the current article, as will be discussed.

2.1. Thin Film Deposition

The substrates were 1 mm thick soda lime glass slides 10 mm x 10 mm in dimension.
All soda lime glass substrates were washed and sonicated with hellmanex, deionized wa-
ter, acetone and ethanol separately inside a laminar flow station equipped with HEPA
filters and then left to dry under vacuum to ensure a clean surface prior to thin film dep-
osition. The substrates were placed on the substrate holder of the machine, as depicted in
Figure 1, with position E indicating a substrate on the edge of the substrate holder, and C
indicating the centre of the substrate holder position. The substrate was rotating at a speed
of 10 rpm in all experiments. Using this configuration of substrate positions, thin films of
ZnO were deposited under various amounts of plasma power and Ar + H flow rates in
square cubic centimetre per minute (sccm). Table 1 presents the regime by which samples
were prepared and named, where each deposition was carried out for a period of 3 h. In
practice, we also placed glass samples in between the C and E positions; however, here
we primarily focus on detailed observations associated with the E and C positions.
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Table 1. Nine depositions were carried out under various plasma power and gas flow rates:
high(H) flow rate (13.9 sccm), medium(M) flow rate (10 sccm) and low (L) flow rate (6 sccm), with
substrates positioned at centre and edge of the substrate holder generating 18 total samples. E:
refers to samples on the edge and C: refers to samples positioned on the centre of the substrate
holder.

Sample Name Position on substrate holder Plasma Power (w) Gas flow rate(sccm)

E100H E 100 13.9(H)
E100M E 100 10(M)
E100L E 100 6(L)
E150H E 150 13.9(H)
E150M E 150 10(M)
E150L E 150 6(L)
E200H E 200 13.9(H)
E200M E 200 10(M)
E200L E 200 6(L)
C100H C 100 13.9(H)
C100M C 100 10(M)
C100L C 100 6(L)
C150H C 150 13.9(H)
C150M C 150 10(M)
C150L C 150 6(L)
C200H C 200 13.9(H)
C200M C 200 10(M)
C200L C 200 6(L)
<F [ 110
4 )\
//’ : b

=
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Figure 1. During each of the nine deposition trials, two soda lime glass samples were placed on
the substrate holder (220 mm diameter), one in the centre and one on the edge (left). To measure
the thickness gradient from the centre to the edge, a bridge between two masks was designated on
an intact glass substrate for profilometric measurements; thickness of the samples was measured
at the (10-110 mm) distance from centre, as depicted in this figure (right).
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2.2. Spectral Data Collection from the Plasma Emissions

To obtain the spectral emission data and the colour function parameters of the
plasma, an in-vacuum collimator optic probe that was made by Plasus GmbH (Mering,
Germany) was placed on the substrate holder, as depicted in Figure 2, in such a way that
data was collected from the centre and the edge of the target material fitted on the mag-
netron. Emission data collection was carried out under the exact same plasma conditions
as the deposited samples were prepared. The data were collected in short periods to min-
imize the error that may result from the coating of the collimator quartz window (few
seconds). At the same time, the quartz window was also fitted with a honey-comb gate
guard that minimizes the coating of the quartz window. After each process, the collimator
was dismantled and cleaned. UV-Vis spectroscopy was used, as described previously
[30], to ensure that the coating of the quartz window would not cause significant error on
the data collection process.

Emicon software (Version:4.11.1.2 ,Plasus GmbH, Mering, Germany) coupled to the
spectrometer was programmed to calculate the area under the emission peaks (integral)
of the spectral range based on pre-designated (300 nm to 900 nm in steps of 100 nm) seg-
ments of the spectrum. Parallel to the Plasus spectrometer, a Jeti Specbos 1201 spectrom-
eter (Jena, Germany) was utilized to collect the spectral data to calculate the chromaticity
index of the plasma light; the Jeti spectrometer was programmed so that for each meas-
urement, it took 20 readings and inputted the average value of the x and y colour coordi-
nates of the plasma light.

Magnetron

centre (c) -

Substrate holder
Collimator positions

Figure 2. The collimator of the spectrometer was positioned on the substrate holder (centre and
edge) to monitor the emissions of the sputtering plasma from the surface of the target fitted on the
magnetron. The emission photons captured by the collimator were guided via a fibre optic cable to
the spectrometer.

2.3. Sample Characterization

The samples were then tested for film thickness via a profilometer (Veeco, NY, USA),
which was carried out by scanning the stylus of the profilometer over the one millimetre
bridge gap coated on the intact glass sample, as depicted in Figure 1. The thickness was
measure at 10, 30, 50, 70, 90 and 110 mm away from the centre of the substrate holder.
Optical properties of the thin films were carried out via a UV-Vis spectrometer (Bibby
Scientific Ltd., Staffs, UK) by using the absorption data. Tauc plots were made to measure
the optical bandgap of the materials. The plot was made by plotting the hv(x-axis) against
the (ahv)'r (y-axis), where a is the absorption coefficient of the material. We chose the r-
value = 2 for indirect allowed transitions.
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Charge carrier density and mobility were measured by a home-built Hall effect meas-
urements system, with 10 mm x 10 mm substrate sizes and the electrode pads connected
to the four corners of the surface (~1 mm into the sample from the corner edge).

3. Results and Discussion
3.1. Electrical Properties

The ZnO coated substrates were tested for their electrical properties via a four-point
probe and Hall effect measurement equipment. In this report, no study was carried out
on the crystal structure of the deposited thin films; however, in a previous report where
we examined similar samples of zinc oxide thin films deposited in the presence of hydro-
gen, the ZnO films were fully crystalline, showing the hexagonal ZnO zincite phase (PDF
01-075-1533) with a (101) preferential orientation [29].

The results indicated that the presence of hydrogen in the sputtering gas induces n-
type conductivity by enhancing the concentration and mobility of the charge carriers (elec-
trons). However, we can see that there is significant variation when comparing results
between the samples positioned at the edge and centre of the substrate holder, as indi-
cated in Figure 3.

Carrier Concentration cm™ Carrier Concentration cm™
Centre (x 10%) Edge (x 10%°)
11.41
6.0 5.48 12,0 51 11.26 11.22
10.17
5.0 237 10.0 9.09 8.96
8.13
. 3.79 o0
278 5.95
3.0 254 6.0
2.0 4.0
115 0.96
1.0 2.0
0.00 0.02
0.0 - - 0.0
€100L C150L C200L C100MC150M C200M C100H C150H C200H E100L E150L E200L E100M E150M E200M E100H E150H E200H
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Centre Edge
16 15.11 45 4154 42.36
39.38
14 40 35.18 35.16 3685
12 35
9.481
10 30 2576
21.67
2 7.034 7.407 25
5.843 20
6
15 10.7
4 3:584 3.01
1.877 158 10
8es :
0 0
C100L C150L C200L C100M C150M C200M C100H C150H C200H E100L E1S0L E200L E100M E150M E200M E100H E1SOH E200H
Conductivity S cm ! Conductivity S cm
Centre Edge
132.59 761.48
140 800 719.90
700 648.75
120 605.24 03350 600.11
300 600
500
80
400
60 282.27
42.15 44.92 300 245.40
40
2.89 26.36 21.07 200 153.65
~s_ B0 WBN - 1
, B & — .
C100L CI150L C200L C100M C150M C200M CI100H C150H C200H E100L E150L E200L E100M E150M E200M E100H E150H E200H

Figure 3. Carrier concentration and mobility were measured for ZnO samples deposited in the
centre (left) and the edge (right) of the substrate holder under various plasma power and chamber
pressures. The electrical properties of the deposited samples on the edge of the substrate are sig-
nificantly superior to those of the depositions at the centre.
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Charge carrier mobility and the carrier concentration are important in determining
the electrical conductivity of a material, and we can see that high carrier concentration
and mobility values are associated with the samples at the edge of substrate holder, while
depositions at the centre demonstrate smaller values, and as such the overall conductivity
of the edge samples are much higher. The mobility of the carriers is a function of carrier
recombination time within the material while the carrier concentration is related to the
carrier density. The carrier density in turn is the product of density of states and proba-
bility of occupancy. As previously discussed, the hydrogen impurity behaves as a donor
in these samples. Associating higher conductivity to hydrogen integration into the lattice
based on the discussed literature, the results can possibly indicate lower hydrogen content
in the films prepared at the centre of the substrate holder, although this hydrogen content
needs to be measured in future work to be perfectly conclusive. As discussed, we also
placed substrates between the edge and centre regions. These samples were tested via a
four-point probe measurement (Jandel, Leighton, UK) only, and we observed a conduc-
tivity gradient such that as we moved from the edge to the centre of the sample holder,
the electrical property of the thin films became smaller. Based on our ongoing studies
comparing IZO and ZnO, this is only observed in ZnO samples. To demonstrate a com-
parison for this report, we repeated the experiment with an IZO target fitted on the mag-
netron, and only the sheet resistance of the films was measured for presentation in this
report. These results, presented in Figure 4, indicated that IZO does not behave like ZnO.

ZnO vs I1ZO Sheet resistance
800

741
700

600

500

438

400
383 @120

Zn0O

Sheet resistance

300

200 191

159
131
100 34 33

31 29
27 23
[ ] [ ] L L & L ]

0 20 40 60 80 100

Distance from centre (mm)

Figure 4. The sheet resistance (Qo) of thin films of ZnO and IZO coated under exact conditions
(100 W plasma power, 10 sccm Ar + H flow rate). The distance from the centre indicates the posi-
tion of the glass substrate, and the readings are associated with the sheet resistance of the films.

As can be seen from the results presented in Figure 4, the electrical properties of the
deposited films significantly varied for ZnO, depending on the position for the substrate,
while for IZO the variation was significantly less elaborated (comparing the associated
edge and centre samples). In a previous study, we demonstrated the enhanced electrical
properties of the IZO when deposited under the argon-hydrogen mix [29]. These results
combined with the observations presented in Figure 3 suggest that one way to explain this
is to assume that more hydrogen doping is occurring at the edge of the substrate com-
pared to the centre, unless the thickness of the coating was causing this observation. How-
ever, in the next section we show that thickness is not a relevant explanation for this ob-
servation.
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The mobility of electrons through a solid is affected by local forces within the crystal
structure. This mobility is then interpreted as the mass of the electrons within that crystal
environment. In a ZnO crystal structure, the orbital overlap between the Zn cation and
the oxygen anions can be an important factor in determining the above-mentioned elec-
tron mass due to the s-character of the cation at the conduction band [31]. We can hypoth-
esize that when hydrogen is present as a sputtering gas, it may interact with the oxygen
content of the lattice and result in localised lower oxygen contents, which will consecu-
tively lead to predominant s-characteristics. This hypothesis is based on previously re-
ported studies demonstrating the hydrogen to be a strong reducing gas in a plasma [32],
while withdrawing oxygen from the In20;s crystals during the deposition process has been
reported to play a role of a doubly charged donor [33,34]. However, this cannot clearly
explain the variation observed in edge and centre samples. Sheet resistance of edge and
centre prepared ZnO samples are presented in Figure 5.

Sheet Resistant (Q/Square)
Centre
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I 1582
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Figure 5. The sheet resistance (Q square) of the ZnO samples deposited on the edge (right) and centre (left) part of the

substrate holder under various deposition conditions.
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3.2. Film Thickness and Optical Properties

The thickness of the coatings obtained via the profilometer in line with the sample
preparation described in Figure 1 are presented in Figure 6 for all the ZnO samples.

13.9sccm 10scem 6 sccm
1000
N 1000 AN RNANMNAN ©-200w
NS © o 800 R ° 800 X 2
Sty 600 60 O——D-—0 g g
O u} n} o 0O 150w
400 400
200 200
0 0 100w

0 20 40 60 80 100 120 0 20 40 60 80 100 120
Distance from centre (mm)

Figure 6. The coating thickness associated with the position of the substrate on the substrate holder (at a distance from the
centre) under the varying deposition parameters; power and gas flow rate.

From Figure 6 we can see that the films are actually slightly thinner as we move to-
ward the edge of the substrate holder.

The addition of the hydrogen during the sputtering procedure has been reported to
cause a drop in the ionization discharge and Ar* ion densities [35-37]. Some have also
reported yield reduction with the introduction of hydrogen [38—40] due to the low mass
of hydrogen, and this may explain why we had a slightly thinner coating on the edge
region if hydrogen bombardment of the target and its consecutive incorporation into the
lattice behaved selectively, depending on the position of the sample.
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Hence, we can continue with our original assumption where we stated that more
hydrogen atoms are doped into ZnO lattice at the edge of the substrate holder and oxygen
vacancy alone is not a determining factor.

For a TCO material to be suitable for most electrode applications, as well as the elec-
trical resistivity (o), the optical absorption should be minimised [41]. The overall sheet
resistance of the ZnO samples based on their position on the substrate holder is presented
in Figure 5.

We evaluated all the ZnO samples with UV-Vis spectroscopy, and the absorption
properties of the films are presented in Figure 7.
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Figure 7. The transmittance spectra of the ZnO thin films obtained via UV-Vis spectroscopy. All
samples demonstrate above 80% transmittance between 400 nm and 1000 nm.

The data presented in Figures 5 and 7 clearly demonstrated the potential of ZnO as
an alternative TCO without the need for indium or any other metal doping, if the position
of the substrate with respect to the plasma is considered. The optical band gap of the de-
posited thin films was obtained via the Tauc plot method, the results are presented in
Table 2 for edge- and centre-deposited ZnO thin films.
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Table 2. The optical band gap of the ZnO samples deposited at various conditions, comparing the
results obtained from samples positioned on the edge and centre of the substrate holder. The sam-
ples prepared on the edge also demonstrate a slightly higher band gap.

Centre Optical band gap (eV) Edge Optical band gap (eV)
C100H 3.3 E100H 34
C150H 3.300 E150H 34
C200H 3.200 E200H 3.38
C100M 3.300 E100M 3.37
C150M 3.290 E150M 3.3
C200M 3.320 E200M 3.39
C100L 3.250 E100L 3.35
C150L 3.200 E150L 3.39
C200L 3.220 E200L 3.35
Average 3.264 3.37
SD 0.047 0.032

3.3. Analysis of the Plasma Emissions

We examined the plasma emissions at the surface of the target as described in the
experimental section. We carried out a comparative study with an IZO target fitted on the
magnetron to evaluate the variation in plasma emissions comparing the two targets (1ZO
and ZnO), considering that with the IZO sample we were not observing a drastic variation
of electrical properties associated with sample position (Figure 4).

The emissions from the plasma generate numerous emission peaks, and the ratio of
these peaks is classically associated with plasma conditions. However, although peak in-
tensities varied from centre to edge, observations purely based on the spectral plot did
not indicate an easily identifiable variation between the two materials. To illustrate this,
the data representing the emission of the plasma at 100 watts under a 10 sccm flow rate
for the ZnO and IZO targets are presented in Figure 8.

1ZO0 Zn0

18,000
16,000
14,000
12,000

10,000
I ——IE100L

IC100L

- | —E100L
’ c1ooL
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| 1h
| | | | Ih‘ i 1
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Emission Wavelength (nm)

Figure 8. The spectral emission of the plasma at 100 watts of power under a 6 sccm flow rate at the edge (blue) and centre
(orange) of the target for the IZO (left) and ZnO (right) targets.

In Figure 8 we can see that the intensity of various peaks is higher at the edge of the
target surface compared to the centre region. These emissions are associated with various
atomic transition in the plasma. The increase in intensity at the edge is due to the way that
the magnetron operates, given the magnets installed in it, leading to an area with higher
ion bombardment rate [42]. It is possible to analyse every peak intensity and to obtain
certain parameters such as the electron temperature from the data, which is a time inten-
sive approach and beyond the scope of this report. Instead, we implemented our simpler
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assessment based on the colour function parameters of the plasma at the centre and edge
region of the target based on our previous report. This simple approach was applied to
evaluate an overall change in the plasma condition. The colour functions of the plasma
light at the centre and edge regions were calculated and are presented in Figure 9. Using
this approach, the difference in plasma conditions became more apparent to the naked
eye. The colour functions could represent the overall macro environment of the plasma
constituents without indulging in deep physics and statistical mechanics associated with
evaluating a plasma.

In our approach, we can now consider each colour coordinate associated with a par-
ticular plasma emission condition on each target as a vector defined by the “x” and “y”
colour coordinates.

Once we defined the coordinates as vectors associated with data obtained for the
edge or centre, we calculated the angular rotation of each vector associated with the shift
observed from the edge to the centre.

We calculated this angular rotation, and these results are presented in Figure 10.

The data presented in Figure 10 showed that the angular rotation associated with
vectors representing the “x” and “y” colour functions associated with the edge compared
to the centre showed up to eight times more variation (from edge to centre) in the ZnO
target compared to the IZO target. This method of plasma analysis is not mature yet and
cannot lead to an absolute conclusion; however, it gives us some indication that the IZO
target showed a more homogenous plasma condition across the target surface compared
to the ZnO target.
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Figure 9. The x and y chromaticity index of the plasma light at the edge (E) and the centre (C) of the target for ZnO and
IZO at various gas flow rates and plasma powers (100, 150 and 200 Watts) is plotted. With this approach, the difference in
the plasma condition becomes more apparent to the naked eye. a: ZnO; b: IZO samples with 6 sccm flow rate; c: ZnO; d:
1ZO samples with 10 sccm flow rates and e: ZnO; f: IZO samples with 13.9 sccm flow rates of argon/hydrogen gas.
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Figure 10. The angular rotation (the angle between the associated edge and centre vectors) of the “x” and “y” coordinate

vectors representing the colour functions associated with the plasma conditions during the deposition of IZO and ZnO
samples deposited under gas flow rates of a: 13.9 sccm; b: 10 scem and c: 6scem.

"

To further examine the emission spectrum properties leading to the variation in “x
and “y” colour coordinates of ZnO and IZO samples, the total area under the emission
peaks (integral) of the plasma was calculated by Plasus Emicon software. We then as-
sessed the ratio of area under emission at 100 nm intervals from 300 to 900 nm of the
emission to the total emission area. This analysis was carried out for all the experimental
procedures discussed so far associated with ZnO and IZO targets.

The ratio of area under emission peaks at 100 nm interval over the total area under
the whole emission spectrum are presented in Figure 11, where the emission ratios for
each section associated with the centre and edge of the target surface (ZnO and 1ZO) are
plotted. The main differences between the ZnO and IZO target were in the A, C and D
section of the spectrum corresponding to the 500-600 and 600-700 nm emission wave-
lengths.
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Figure 11. Comparing the area under emission peaks associated with 100 nm interval segments of
the plasma spectrum to the whole spectrum for ZnO and IZO samples at the edge and centre.
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From the results presented so far, although we see certain variation between the
emission patterns associated with ZnO and IZO targets, the variations are interesting but
do not seem to be conclusive for explaining the observed variation in electrical conductiv-
ity of ZnO and IZO as presented in Figure 4. An in-depth peak ratio analysis can be per-
formed to gain insights into the physical parameters of the plasma, such as electron tem-
perature; however, in the current report we focus on describing the observations and such
studies require a separate dedicated study report.

Up to this point, we can assume that the hydrogen impurity incorporation within a
ZnO or IZO lattice follows a certain reduced gradient from the edge to the centre. The
hydrogen impurity can be either interstitial or substitutional. The H+ in the ZnO system
will occupy locations within the lattice, where it can bind to an oxygen atom and form an
O-H bond. Considering substitutional hydrogen, it is located in the proximity of a nomi-
nal oxygen position within the lattice and behaves as a shallow donor [18]. The donor
behaviour of the hydrogen impurity in ZnO clearly explains the conductivity observed in
Zn0O systems and improvement of IZO conductivity.

This implies that we need to consider the state of the materials during their transport
from the target surface to the substrate. From these results, and reported studies dis-
cussed, we can assume that the ZnO particles that form on the substrate surface have more
hydrogen content at the edge location compared to the centre region of the substrate
holder. This observation can possibly be explained considering the following concepts
and assumptions:

e  Firstly, hydrogen ions (along with argon ions) bombard the surface of the target ma-
terial, resulting in ejection of surface atoms from the surface of the target, while some
of these ions will also integrate into the target material.

e  Secondly, the integration of the hydrogen into the surface of the target material as
discussed and based on referenced literature may lead to formation of regions at the
target surface possessing complex magnetic behaviour.

One way of explaining the observations reported in this study is to consider previ-
ously reported studies where angular dependency of thin films depositions via the sput-
tering process were investigated. During the sputtering deposition process it has been
shown that geometrical shadowing of an incident beam by the existing protruding parts
of the growing surface profoundly affect the deposition’s morphology [43]. This is re-
ferred to as competitive shadowing, which can affect the properties of the thin films, in
particular step coverage and microelectronic properties [44]. In a more recent study, Hip-
pler et al. [45] carried out a study on the angular dependence of plasma parameters and
thin film properties focusing on titanium and titanium oxide layers deposited via HIPIMS.
They performed separate reactive (argon/oxygen) and non-reactive depositions regimes
using a Langmuir probe and substrates at various angular positions (0°,30°,60° and 80°)
with respect to the target [45]. In their study, significant variations in electron density were
reported depending on the reactive or non-reactive experimental regime, with the non-
reactive regime showing up to five times larger electron density values. They also meas-
ured the mean electron energy (pulse time dependent), which demonstrated similar val-
ues between the two regimes. However, most interesting are the values they demon-
strated depending on the substrate position with respect to the target, which finds signif-
icant relevance with our observations. Both electron density and mean electron energy
values are reduced at wider incident angles on the target surface. It should be noted that
our study needs to be repeated mimicking the experimental protocols carried out by Hip-
pler et al., something that we are very interested to pursue. Considering the observations
reported here, such studies will give a significant perspective in understanding the for-
mation of the conductive zinc oxide films in presence of hydrogen during the sputtering
process. However, at this stage, based on the above reported research, if incorporation of
the hydrogen into the target material leads to formation of surfaces at the target with com-
plex magnetic behaviours, then it may result in the target material itself interfering with
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the magnetron's magnetic fields and as such creating electron density and electron energy
values dependent on angular incidence on the target surface. The time dependency stud-
ies on plasma potential reported by Hippler et al. at various angular positions can also be
influenced by the target surface gaining magnetic properties as well as due to the overall
interaction of electron and ions in such a complex magnetic environment.

Parallel to the above discussion, it has been reported that the sputtered flux from an
ion bombarded target surface is composed of atoms, polyatomic molecules and clusters
[46-48], and various models have been proposed to describe the sputtering of small clus-
ters and molecules [49-55]. If we assume that during the sputtering process, molecular
ejection from the target surface occurs, there will be a flux of both pure ZnO and hydrogen
doped ZnO leaving the target surface with various speeds and randomly dispersed direc-
tion vectors. As discussed, hydrogenated ZnO nanoparticles have been shown to demon-
strate ferromagnetism.

Hypothetically, the hydrogen doped ZnO particles possessing ferromagnetic prop-
erties are affected by the magnetic field of the magnetron’s magnets. This effect creates
additional vector forces that ultimately promote the ferromagnetic hydrogen doped ZnO
to the edge of the target, while the non-ferromagnetic pure ZnO particles are condensed
randomly across the substrate holder. This model is illustrated in Figure 12, where we
take the very simple approach of considering a certain number of small particles with a
magnetic moment along a magnetic field between the N and S poles of the magnetron’s
magnet. Upon surface bombardment of the target with Ar/H ions, the target atoms acquire
kinetic energy for travel to the surface of the substrate. If these particles possess ferromag-
netic properties as we have hypothesised, then there is dipole—dipole interaction that
needs to be considered in this model; an attractive and repulsive force vector will exist as
these magnetic particles interact with the field and their geometrical orientation within
space. This vector either will combine with the initial vector or will counter it depending
on the particles’ positions, according to Equations (1)-(4).

U= —MB cos@ (1)

u nM
X
4 R3
T = —MBsin@ 3)

dUu

Force = — R @

Considering the interaction of two hypothetical magnets alfa and beta, in these equa-
tions, U is the potential energy of a magnet "alpha" exposed to the magnetic field of magnet
"beta". B is the magnetic field of the magnet alpha, M is the magnetic momentum, 0 is the
angle between the axial angle of the magnetic moment of a magnetic dipole and the mag-
netic field generated by the magnetron magnet, R is the distance between the centres of
the two magnets and F is force imposed on alpha. Considering these equations, we can see
that the angular geometry of one magnet to another as well as its location in space can
lead to positive to negative values of force. Considering this and assuming the hypothet-
ical magnetic particles depicted in Figure 12, the difference between the point c¢1/b1 and
c2/b2 is the magnetic field gradient. In the central position, the magnetic field gradient is
higher than in the edge positions. Then, the attractive magnetic force will be higher in the
centre than in the edges. Particles at points b2 and ¢2 will experience a more complex
magnetic environment countering their velocity away from the target surface. The gas

B = 2)
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flow rate, which technically translates to the working chamber pressure and the plasma
power, which translates to the kinetic energy of the sputtered particles, will affect the pro-
cess such that at higher chamber pressures, the probability of particle collisions increases,
while higher plasma power leads to higher energy particles, which will be less influenced
by the magnetic complexity described. The effect of higher kinetic energy overcoming the
magnetic complexity can be seen in Figure 5, where higher plasma power results in dep-
osition of more conductive films at the edge region of the substrate holder. Higher cham-
ber pressure would also result in more particles interacting with the magnetrons magnetic
field, and as such may reduce the effect of the field with respect to sputtered particles;
however, such conclusions require extensive analysis of the magnetic fields during the
experiment, which is beyond the scope of this report.

We can propose the following hypothesis to explain the experimental observations:
during the sputtering process, due to complex magnetic dipole interactions, hydrogen
doped ZnO particles leaving the target surface tend to accumulate on the edges of the
substrate holder region. This results in thin films with better electrical conductivity, while
at the centre, ZnO particles that do not possess magnetic properties are more predomi-
nant, and as such, samples prepared in the centre location of the substrate holder are less
conductive.

This process occurs both in IZO and ZnO targets, hence the samples prepared at the
edge of the substrate demonstrate higher conductivity due to the higher hydrogen dop-
ing. In IZO samples, however, since the presence of indium already acts as a carrier con-
centration enhancer, we see a slight improvement in conductivity; however, in ZnO sam-
ples, because only hydrogen acts as the electron donor in the lattice, we see the large var-
iation of conductivity gradient from the edge to the centre.

However, this work needs to be followed up with simulation studies and more in
depth experimental work to verify the hypothesis proposed here, and the authors are
planning explore this study further accordingly. The magnetron in this study had a bal-
anced magnetic set up; our plan for future studies will be to carry out the experiments
with unbalanced magnetic and no magnet set up magnetron systems.

S

Figure 12. A simple approach of considering a certain number of small particles with a magnetic moment along a magnetic

field between the N and S poles of the magnetron’s magnet. The angle between the centres of the magnets and their
position defines how the larger magnet affects them.

4. Conclusions

This study primarily is a report of observations associated with deposition of zinc
oxide films in the presence of hydrogen along with argon and will require further studies
to validate the assumptions and hypothetical statements in this report, particularly similar
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experiments to that described by Hippler et al. We demonstrated that it is possible to pro-
duce highly conductive ZnO thin films doped with hydrogen at room temperature. The
films possess acceptable optical band gap and as such demonstrate above 80% transmit-
tance and best sheet resistance of ~18 2 square (E200 samples). However, the procedure
requires certain precisions in terms of substrate positioning and its trajectory with the
magnetron.

We also demonstrated the potential of assessing the sputtering plasma via colour
function analysis, based on evaluating the specific ratios of area under emission peaks as
a tool for monitoring the status of plasma during sputtering procedures. This method does
not require precise plasma analysis and complex calculations when detailed study of the
plasma is not required and instead provides the operator with an easy to understand ob-
serving parameter as an indicator of sputtering plasma status.

The hypothesis proposed on the ferromagnetic properties of the sputtered ZnO par-
ticles requires further examination and will require detailed analysis of the hydrogen dop-
ing variations with balanced and unbalanced magnetron configurations to validate our
conjecture. The integration of hydrogen into the target is an area that should be explored
further to assess this hypothesis in future attempts. It is an interesting topic to explore by
us and other researchers interested in the field.
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