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Abstract

Al,O3 and ZnO thin films were deposited from trimethylaluminium (TMA)
and diethylzinc (DEZ) in combination with water using cylindrical rotating
substrate spatial atomic layer deposition (SALD). The depositions were done
between 67 and 140 °C. The growth per cycle for Al,O3 varied between 0.75 and
2.0x10'%at./cm? per cycle and for ZnO between 0.52 and 1.07x10%at./cm? per
cycle. The hydrogen incorporation was studied by varying the deposition tem-
perature and substrate rotation speed. The rotation speed affects the precursor
exposure time (46-458 ms) and inert gas purging time (111-1120 ms). The
results show that Al,Oj3 films can contain up to 25 at.% of hydrogen when the
deposition temperature is 67 °C or the deposition exposure/purging times are
short. The deposition of ZnO in similar conditions produces films with hydrogen
concentrations up to 15 at.%. The source of impurity hydrogen was investigated
by using heavy water, H,0, as an oxygen source. The main hydrogen isotope
in the Al,O3 films at low temperatures and fast deposition speed was found to
be 'H, while at higher temperatures and lower deposition speeds 2H isotope was
dominant. For ZnO, 'H was the majority hydrogen isotope in the films in all
the studied deposition conditions except at the lowest rotation speed.
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1. Introduction

Conventional pulsed atomic layer deposition (ALD) consists of two or more
precursor pulses separated in time with inert gas purging in between. Atomic
layer deposition is a widely studied and used method to deposit pinhole free
films with sub-nanometer thickness control, and it enables precise deposition
on complex 3D-structures and high-aspect-ratio substrates [IH3]. While the
conventional ALD can be considered as a temporal ALD, spatial atomic layer
deposition (SALD) separates the precursor pulses in space rather than in time.
This enables faster deposition, for example, for solar cell passivation [4H7] and
the construction of roll-to-roll (R2R) reactors for flexible substrates [8, ©]. Fast
large area deposition is also desired, for example, on packaging materials [10,
11], on organic electronics like memristors [I2] or on organic light emitting
diode (OLED) displays where thin and transparent gas and moisture permeation
barriers are required [9] 10, I3} 14]. Spatial ALD also enables completely new
substrates such as large area fabrics to be coated effectively with ALD [15].
Spatial ALD has great potential also in Li-ion battery [I6HI8] applications and
printed electronics [19].

Temporal ALD is often performed at low pressure conditions enabling ef-
ficient gas transfer and purging of the by-products [2], while SALD can be
operated even at atmospheric pressure [20, 21]. This can further increase the
throughput since there is no need for pumping down to a low deposition pres-
sure. With SALD the coating head is in close proximity to the substrate so that
air cannot infiltrate to the reaction space between the coating head and sub-
strate surface. Therefore, the deposition space and all the unreacted precursor
molecules can be pumped without escaping. This removes the requirement for
vacuum in the reactor space, making deposition with roll to roll and on large
surface area substrates much more attractive.

The benefit of SALD is often believed to be that long purging times between
the precursor pulses are not needed [22]. With temporal ALD at low deposition

temperatures the purging times can be rather minutes than seconds [23 [24].
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The close proximity of precursor head to substrate significantly decreases the
adsorption of precursor molecules on reactor walls, present in the temporal ALD.
Therefore, much shorter purging time is required, and high speed SALD has
realised deposition rates as high as 1 nm/s |25, [26]. However, the picture is more
complicated when the deposition temperature is low and the reaction and by-
product desorption rates are slow. Understanding the non-ideal ALD-conditions
is important especially when flexible organic substrates are used. These often
start to deteriorate at higher temperatures required for the deposition of high
quality thin films.

On the downside, spatial ALD does not enable easy and independent control
of purging and precursor exposure time, characteristic to temporal ALD. As
the precursor inlets inject the precursors continuously, also the consumption
of precursors require optimisation in order to minimise the waste of the often
expensive precursors [27]. In SALD, either the substrate is moved at constant
speed in close proximity to the precursor inlets or regions, or the coating head
containing the exposure/purge sequence is moved while the substrate remains
stationary [28]. Therefore, the whole reactor configuration must be changed if
the precursor exposure and purging time ratio is tuned. In order to address
this challenge Yersak et al. used modular SALD-reactor where varying the
exposure/purge ratio was realised through removable spacers[I8]. However, in
most cases with SALD it is possible to play only with purging and precursor
flows and the control of process parameters is usually more limited compared
to the temporal ALD.

ALD thin films deposited at low temperatures often contain significant amounts
of hydrogen and other impurities originating from the precursors [23] 24], 29-H33].
In this study we used heavy water, 2H,0, instead of normal water in two com-
mon ALD processes: Al;Og from trimethylaluminium (TMA) and water, and
ZnO from diethylzinc (DEZ) and water. ALD Al;Oj3 is an amorphous dielectric
and can be used as a high-k layer in several applications, but it also has been
studied as a moisture barrier for OLEDs and packaging [10] 13}, 34]. ALD ZnO

is a polycrystalline wide band gap semiconductor with wurtzite crystal struc-
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ture [30, B5]. The electrical properties of ZnO are tunable through doping and,
for example, aluminium doped ZnO (AZO) have been studied as a transpar-
ent conducting oxide [36]. In addition, AlyO3/Zn0O nanolaminates are studied
as barrier layers [37] as well as in biosensing applications due to their tunable
optical properties [38-41].

Earlier we studied these two processes using heavy water with temporal
ALD [24], [33] and we found out that, in addition to the deposition temperature,
the purging time has a significant effect on impurity incorporation. Precursors
containing rare isotopes have been used to study reaction mechanisms of the
temporal ALD [29] [3T], 42], 43] but to our knowledge this is the first time iso-
topic precursors are used to study SALD films. By varying the temperature
and substrate velocity (precursor exposure/purge time) we found out that hy-
drogen/deuterium incorporation follows mostly similar trend as the deposition
with temporal ALD in our previous studies [24], 33]. However, the tempera-
ture in which the majority hydrogen isotope shifts from 'H to 2H was found
to be higher than with temporal ALD. We also found out that the growth-per-
cycle (GPC) of the ZnO decreases more with increasing substrate rotation speed

compared to AlyOs.

2. Experimental methods

A modified spatial ALD reactor, Beneq TFS 200R (Fig. , was used to
deposit AloO3 and ZnO films on a flexible Ti-coated polyethylene terephthalate
(PET) (Rowo Coatings). Trimethylaluminium (Strem Chemicals, min. 98 %)
and diethylzinc (Volatec, min. 99 %) were used as metal precursors and both
normal (1H,0) and heavy water (?H,O, Medical Isotopes Inc., Pelham, NH,
USA, 99.9 %) were used as oxygen precursors. Nitrogen (Linde AG, 99.999 %
purity) was used as carrier gas and purging gas. All precursors were heated to
35 °C in order to increase their vapour pressure. The substrate was attached
to a cylinder with a diameter of 10 cm and there is a 500 pm gap between

the precursor nozzle and the substrate. During the deposition the cylinder is
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Figure 1: Schematics of the modified SALD reactor used in the study.

rotated so that the substrate passes through stationary precursor and purging
zones. The reactor consisted of 4 TMA/DEZ and 4 water inlets divided by
Ny barrier flows. Due to the modification of the reactor, one rotation of the
substrate cylinder effectively consists only of three ALD cycles as two of the
TMA/DEZ and two of the HoO inlets are successively as seen in Fig. All
Aly03 samples and ZnO samples deposited using normal water were grown with
333 rotations. Due to the lower GPC, ZnO samples grown with heavy water were
deposited with 500 rotations. Total nitrogen barrier flow during the deposition
was 4600 sccm and both metal precursor and water were delivered using Nj
carrier gas flow of 100 sccm. During the deposition the base pressure in the
reactor was 17-23 mbar depending on the deposition temperature.
Temperature series was carried out for both materials at deposition tem-
peratures between 67 °C and 140 °C with substrate rotation speed of 10 rpm.
In addition, the rotation speed e.g. the precursor exposure/purge time was

varied by changing the substrate rotation speed between 5 and 50 rpm at the
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deposition temperature of 100 °C.

The elemental compositions and film thicknesses were measured with time-
of-flight elastic recoil detection analysis (ToF-ERDA) [44] using 13.615 MeV
63Cub* incident ions for the Al,O3 samples and 13.615 MeV 2717+ for the ZnO
samples. Elemental depth profiles were analysed with Potku software [45]. All
the samples deposited with 2H;0O were measured immediately after the deposi-
tion. This was done to ensure that the 2H concentration does not change due

to hydrogen exchange reactions with ambient moisture or hydrogen gas [24] [33].

3. Results and Discussion

The thicknesses and the elemental composition of the films were determined
by means of ToF-ERDA depth profiles. In a ToF-ERDA measurement incident
ions are accelerated in the energy range from few MeV to a few tens of MeVs to-
wards the sample. Incident beam recoils sample atoms through elastic collisions
towards a detector, in which the velocity (ToF) and the energy of these recoils
are measured in coincidence. From ToF-energy histogram (Fig. different
masses can be separated. This enables differentiating not only the elements but
also the isotopes if there are no overlapping masses. The stopping power e.g.
the energy loss of ions in medium as well as the scattering cross sections are
well known. Therefore, quantitative elemental composition and a depth profile
can be calculated without any reference samples. [44], [46]

The determination of absolute values for film thicknesses suffers from the
substrate roughness and multiple scattering effects in ion beam analysis, espe-
cially with ZnO oxide films [47]. However, the relative trends in GPC can be
observed and analysed. All the films (apart from Al;Og3 films deposited at 67 °C
with 'Hy0) were conformal by visual inspection. In addition, depositing AloO3
at 67 °C with 2H,O did not produce a proper film at all with the rotation speed
of 10 rpm.

As an example, Fig. [2a] presents the coincidence time-of-flight and energy

histogram of a Al;O3 film deposited with TMA and 2H,0 at 100 °C using 5 rpm
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rotation speed. In Fig. is shown a depth profile of the same sample. The
elemental composition of all the samples is determined from the center of the
film excluding both surface and interface regions.

The growth-per-cycle for Al,O3 films deposited with normal water is rela-
tively independent on the deposition temperature between 85 and 140 °C when
normal water is used, as seen in (Fig. and it is in line with our previous
study with the temporal ALD [24]. However, the GPC is somewhat lower than
often reported in the literature [23] 29, 48]. TIon beam techniques can mea-
sure the thicknesses in atoms/cm? rather than in nanometers. The thickness of
1x10" at./cm? corresponds roughly to 1 A if the density of Al,O3 is assumed
to be the bulk value of 3.5 g/cm®. However, it must be noted that ALD films
deposited at low temperatures tend to be less dense than their bulk counter-
parts or even the ones deposited at higher temperatures [23]. Figure |3a] shows
also that the use of heavy water decreases the GPC slightly. This is most prob-
ably due to the kinetic isotope effect (KIE) which lowers the reaction rate by
increasing the activation energy [49]. Similar effect has been detected for the
temporal ALD [24] 33, 50]. It has also been previously shown with temporal
ALD that water has a temperature dependent sticking probability and therefore
the water pulse is the limiting factor at low temperatures [51l [52]. The lower
GPC, when heavy water is used, is further evidence of water being the growth
limiting precursor.

When the deposition temperature of AloO3 was decreased to 67 °C the GPC
increased rapidly due to the CVD-like growth. This is attributed in most studies
to the adsorption of multiple layers of water at low deposition temperatures
[23, 53, [54]. This will lead to excess water on the substrate surface which will
in turn react with the next precursor leading to a more CVD-like growth if
the purging time is not long enough for water to desorb. Maydannik et al.
studied anomalous growth of SALD Al;0O3 with similar reactor design as ours.
They first suspected that mixing of the precursors is due to a boundary layer
formed above the rotating substrate and this caused the high GPC [55]. Later
they concluded that the higher than expected GPC can not be due to the
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Figure 2: a) Coincidence time-of-flight and energy histogram of AlaOs film deposited with
TMA and ?H20 at 100 °C with 5 rpm. The ﬁlén contains trace Cl at the surface and interface
but it is omitted from the analysis for clarity. Minor amount of nitrogen from the Ti layer is
also visible. b) Depth profile of the same sample where Ti film on top of PET substrate can

be seen.
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Figure 3: Growth per cycle determined from the ToF-ERDA depth profiles. GPC of a) Al2O3
and b) ZnO as a function of deposition temperature. The sample rotation speed was held at
10 rpm for all the samples. The GPC as a function of the substrate rotation speed at 100 °C
for ¢) AloO3 and d) ZnO.
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boundary layer but must be due to the adsorpted excess water and insufficient
purging at low deposition temperature [53]. Even though the CVD-growth can
be a problem as shown above, the deposition of Al;O3 has been successfully
demonstrated even near room temperature by both temporal [23] and spatial
[48] ALD.

Interestingly, the excess growth does not seem to apply to DEZ + HsO pro-
cess. As seen in Fig. the anomalous CVD-growth is not observed even at
67 °C. The same observation was done in our previous article with temporal
ALD [33]. In that study we could not find CVD-growth neither at low temper-
ature (40 °C) nor with very short purging times (3 s) at 60 °C, both of which
should lead to more than a monolayer of water based on the conclusions drawn
from the Al;O3 depositions [24]. As DEZ is highly reactive towards water, it
should also react with the excess water if it is available. Therefore, there are two
possible intuitive explanations: 1) Adsorption of excess TMA contributes to the
CVD-like growth which is absent with DEZ due to its faster desorption or 2) it
is also possible, that the desorption rate of the excess water molecules on ZnO
surface is much higher than on the Al,O3 surface and therefore CVD-growth is
not detected on the ZnO surface.

The effect of heavy water on ZnO GPC is similar to Al;O3 but somewhat
greater. No CVD-growth was detected even at low temperatures with heavy wa-
ter, as seen in Fig. BB} The GPC of the ZnO films seems also to be somewhat
lower compared to reported values from temporal ALD studies [30, 33, 56, 57].
Low values of GPC for ZnO deposited with SALD around 100 °C compared to
temporal ALD have also been reported by others [26] [35 68]. In the case of
Zn0, 1x10'5 at./cm? corresponds to 1.2 A if the bulk density 5.6 g/cm? is used.
However, also ZnO films deposited at low temperature probably have lower den-
sity [57,59] and therefore the GPC in A /cycle is higher than expected from the
bulk density. The GPC of ZnO increases with temperature which is also in line
with temporal ALD. With 'H,O, the GPC starts to decrease at temperatures
higher than 120 °C. The decrease in GPC at high deposition temperatures is
characteristic to DEZ 4+ H5O process as the desorption of the OH-groups and

10
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Table 1: Precursor residence and purge times with different substrate rotation speeds for each

individual precursor nozzle and inert gas purging.

RPM | Residence time (ms) | Purge time (ms)
5 458 1120
10 229 559
20 115 280
50 46 111

physisorpted DEZ starts to limit the GPC [511,[60], although the maximum GPC
is often observed around 150 °C [33] 56} [57, [61]. The temperature where the
maximum GPC is achieved can depend on the process parameters as demon-
strated by Nelson et al. [62]. They showed that the temperature of maximum
GPC of SALD ZnO films depend on the pulse/purge time.

Both Al;O3 and ZnO films were deposited at 100 °C with varying rotation
speed. In our previous work [24] we found out that the purging time did not
change the GPC of TMA + H30 deposition at 100 °C when all the other
parameters were kept constant. From Fig. [3dcan be concluded that the rotation
speed has an effect on the GPC of Al;O3, but the reduction with increased
rotation speed is much more pronounced with ZnO as seen in Fig. [3d} There is
earlier evidence of DEZ soft saturation [I8], [19] [62H64] and the increase in GPC
towards slower speed could be because of the longer precursor exposure time.
However, in our study with temporal ALD we showed that just by increasing the
purging times increased the GPC of ZnO deposition at 60 °C [33]. Therefore,
in the case of ZnO, it is possible that the increasing GPC at slower substrate
rotation speeds is not only due to the increasing exposure time but also a result
of longer purging. On the other hand, at higher deposition temperatures than
used in this study, increasing the purging time has been found to decrease the
GPC due to desorption of reaction sites [62] [65]. The precursor exposure and
purging times with different rotation speeds are shown in Table[l] However, due

to the modification of the reactor (Fig. , there is one TMA /DEZ and one HoO

11
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double pulse in every rotation. The rotation speed of 10 rpm used in temperature
series with exposure time of 229 ms should be more than sufficient. While the
precursor exposure times vary significantly from study to study, exposure times
of even as short as 8 ms have been reported for ZnO [58]. However, exposure
times in range of few tens of milliseconds are often reported for SALD processes
[19, 251 28], [36], 62, [66].

In our previous study we found signs of transient steric hindrance when
depositing ZnO [33] proposed by [67]. In our study we separated the precursor
pulses into three shorter pulses at 40 °C while keeping the precursor exposure
unchanged. This increased the GPC by 33 %. This transient steric hindrance
can be due to the slow reactions and slowly desorbing by-products that block
the reaction sites temporarily. Similar approach was also utilised by Muneshwar
and Cadien [68] and they found that bulkier ligands emphasise the effect. As
ethyl-ligands in DEZ are bulkier than methyls in TMA, the effect should be
more pronounced with the ZnO process and this is supported by the experiment.
Therefore, it is possible that the reaction rate and the desorption of by-products
can inhibit the growth of ZnO if the purging is too short. It is also possible that
the soft-saturation of ZnO is not a separate phenomenon but just a consequence
of the transient steric hindrance.

The elemental composition of the films was determined with ToF-ERDA and
all the results are presented in The stoichiometry of the main com-
ponents of the films changes considerably with both the deposition temperature
(Figs. and and rotation speed (Figs. and . Both Al;O3 and ZnO
films were oxygen rich which seems to be typical for low temperature deposition
of these processes [23], 24} 29] 30], 33, [69]. Increasing both the temperature and
the exposure/purge time improves the film quality and produces films closer
to the stoichiometric O/Al ratio (1.5) and O/Zn ratio (1). Again, the films
deposited with heavy water tend to be somewhat less optimal due to the lower
reactivity of 2H,0. Especially ZnO deposited with high substrate velocity and
heavy water is very far from stoichiometric ZnO. Measuring the O/Zn ratio with

ToF-ERDA using 27T ion beam suffers from the multiple scattering and as a

12
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Figure 4: Ratio of a) O/Al and b) O/Zn as a function of the deposition temperature. The
rotation speed was kept at 10 rpm. Ratio of ¢) O/Al and d) O/Zn as a function of the rotation
speed. The deposition temperature was kept at 100 °C.
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result the concentration of Zn is somewhat underestimated [47]. However, the
results presented in Figs. and show that the O/Zn ratio approaches the
ideal ratio of 1 as the temperature is increased or the rotation speed is slowed.
The high oxygen concentration for both Al,O3 and ZnO at low temperatures
would imply that many unreacted OH-groups are buried in the film leading to
higher than expected oxygen concentration. The hydrogen concentrations in
these films point towards the same explanation.

The hydrogen impurities in the Al;O3 and ZnO films can originate from two
sources: 1) From the metal precursor, TMA or DEZ, which both contain alkyl
groups or 2) from unreacted OH-groups originating from water. The simpli-
fied reaction mechanism of TMA/DEZ with water leading to methane/ethane
by-products has been somewhat challenged in recent years. Gurre-Nunez et
al. found a relation between the high O/Al ratio and deuterium concentration
[29] in AlyO3 films deposited with temporal ALD. They concluded that most
of the hydrogen, in the form of deuterium, is left in the films due rehydrox-
ylation of oxygen atoms in subsequent cycles. On the other hand, there are
evidence of persistent methyl-groups in the case of Al,O3 [43] 5I] that do not
react with water at low deposition temperatures even with excessive pulsing of
water. Sperling et al. concluded that the presence of persistent CHgs is due to
the coverage dependent activation energy [(0]. Towards the end of the water
pulse, when CHj3 coverage is low, the reaction barrier increases making the re-
action of isolated CHs-groups unlikely. These groups could get buried in the
film in subsequent pulses. However, the films have often very low carbon con-
centration [24] 29] 30, B3] [43] which implies that these persistent groups are not
incorporated into the film. Persistent methyl groups probably react with water
in subsequent cycles but definitive explanation is not yet given. In addition,
Werbrouck et al. [1] found out that there is potentially a secondary reaction
pathway causing etching of the already reacted species during the HoO pulse.
Similarly to TMA-process, persistent ethyl ligands have been observed to stay
unreacted at the surface of the ZnO films deposited from DEZ and water at low

deposition temperatures. These persistent ethyls have been both experimentally
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Figure 5: 'H and 2H concentrations of the films as a function of the deposition temperature
for a) AloOs and b) ZnO. The substrate rotation speed was kept at 10 rpm. 'H and 2H
concentrations of the films as a function of the rotation speed deposited at 100 °C for c)

AlO3 and d) ZnO.

observed [72] and computationally predicted [60].

The hydrogen concentration of the AlyOz and ZnO deposited with 'HyO
process follows an expected trend of decreasing concentration with increasing
deposition temperature, reported in many studies before with temporal ALD
for both Al,O3 [23, 24, 29 5I] and ZnO [30} BT, B3] as seen in Figs. and
Compared to temporal ALD, the hydrogen concentration of SALD films is
somewhat higher.

When heavy water is used, the total hydrogen and deuterium concentrations
are slightly higher than with the normal water, which is in agreement with iso-
topic effect discussed earlier. These results are also in agreement with previous
work with temporal ALD [24] [33]. In the case of Al;O3 with heavy water, we
see a change in majority hydrogen isotope (Fig. similar to our previous
work with AlyOs films deposited with temporal ALD [24]. As the deposition

15
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Table 2: The elemental composition of AlaO3 films deposited at different temperatures with
both normal (1H20) and heavy water (2H20).

T((°C) Al O C H H  tot H

GPC Deposition rate
(1x10'% at/cm?)  (1x10'®at/cm? per s)

1H,0 67 22 50 1.7 26.5 - 26.5 2.0 1.0
85 28 50 3 195 - 19.5 0.75 0.38
100 30 53 1.9 156 - 15.6 0.78 0.39
120 30 52 3.3 14.1 - 14.1 0.75 0.38
140 33 54 1.6 10.7 - 10.7 0.78 0.39

2H,0 67 - - - - - - - -
85 24 51 1.1 23.7 06 24.3 0.87 0.43
100 25 48 2.7 21.9 29 24.8 0.57 0.28
120 29 51 1.9 4.6 142 188 0.59 0.29
140 31 53 1.9 3.7 9.8 13.5 0.63 0.32

temperature is decreased below 120 °C, the main hydrogen source changes from
deuterium to hydrogen. With temporal ALD the same shift was observed be-
tween 70 and 80 °C. In addition to the temperature, this phenomenon is related
to the purging times, which can explain the difference in the temperature. With
temporal ALD, a similar change of the main impurity isotope was observed also
at 100 °C, when purging times were decreased to 3 s. This can be due to the
slowly reacting CHs-groups discussed earlier, some of which do not react with
water even with very long precursor exposure and purging times [51] if the de-
position temperature is low. With too short reaction and purging times there
might not be enough time to remove these methyl groups and many of them are
buried in the film. Increasing the temperature increases the energy available for
the reaction to overcome the barrier and more and more of these methyl groups
react leaving less 'H in the film.

As mentioned above, the effect of the purging time to majority hydrogen
isotope concentration is evident when the rotation speed is varied as seen in
Fig With 5 rpm (longest exposure/purge) the main hydrogen isotope is 2H,
but as the rotation speed is increased and the time for the reaction to go to the
completion is too short, the main hydrogen isotope changes to 'H. This effect

of changing majority hydrogen isotopes is visible when short purging times are
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Table 3: The elemental composition of ZnO films deposited at different temperatures with
both normal (1H20) and heavy water (2H20).

1 5 GPC Deposition rate
T(°C) Zn O C H H totH

(1x10*® at/cm?)  (1x10*°at/cm? per s)

1H,0 67 41 50 0.7 8.6 - 8.6 0.52 0.26
85 43 50 0.4 6.2 - 6.2 0.65 0.33
100 45 51 0.4 43 - 4.3 0.83 0.42
120 47 50 0.3 26 - 2.6 1.07 0.54
140 47 50 0.4 26 - 2.6 0.97 0.49
2H,0 67 37 49 0.7 82 4.9 13.1 0.25 0.13
85 39 50 0.9 6 4 10.0 0.31 0.16
100 39 49 1.5 6.6 3.1 9.7 0.38 0.19
120 43 49 1.8 4.5 1.7 6.2 0.51 0.25
140 45 50 1.1 24 1.2 3.6 0.67 0.33

used in temporal ALD, so it is not related only to the too short exposure times in
itself. The results with SALD are in good agreement with our previous studies
with temporal ALD [24], [33] where we showed that purging time has a big effect
on hydrogen/deuterium incorporation even though the GPC does not change
significantly.

With temporal ALD, a similar change of the majority hydrogen isotope in-
corporation was found also for the DEZ+2H,0 process [33]. However, in our
SALD process, 'H remained as the main hydrogen isotope regardless of the
deposition temperature (Fig. . A likely explanation for the high 'H concen-
tration is too fast rotation speed (10 rpm) for the given temperature (100 °C).
This conclusion is supported by the change of the GPC in Fig. as the GPC
was found to increase significantly as the rotation speed was decreased to 5 rpm
at 100 °C. More evidence of this is the hydrogen/deuterium concentration when
rotation speed of 5 rpm is used (Fig. . As the rotation speed is decreased
to 5 rpm, the 'H concentration goes just below the 2H concentration, similar to
when long purging times are used in temporal ALD [33].

The high oxygen concentration at low deposition temperatures does not
seem to lead to a high deuterium concentration as would be expected if the

excess oxygen is in the form of buried O?H-groups suggested by Guerra-Nuiiez
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Table 4: The elemental composition of AloO3 films deposited at with different rotation speeds
at 100 °C with both normal (1H20) and heavy water 2H5O.

RPM N o o - oy - GPC Deposition rate
tot

(1x10'% at/cm?)  (1x10'%at/cm? per s)

1H,0 5 31 53 1.6 14.0 - 14.0 0.86 0.22
10 30 53 1.9 15.6 - 15.6 0.78 0.39
20 28 51 2.0 19.0 - 19.0 0.62 0.62
50 23 49 1.4 27 - 27 0.70 1.75
2H,0 5 28 49 2.2 56 152 208 0.75 0.19
10 25 48 2.7 219 29 24.8 0.57 0.28
20 24 51 1.7 224 0.5 22.9 0.53 0.53
50 24 48 2.9 239 0.2 24.1 0.37 0.92

et al. [29]. However, the situation is quite the opposite: the higher the 'H
concentration is the higher the O/Al and O/Zn ratios are. From the previous
studies we know that both Al;O3 and ZnO films deposited with ALD have
very low carbon concentration even at low deposition temperatures [24] 29, [30]
33, [43]. As seen in the the carbon concentration is not strongly
dependent on the process parameters for Al,O3z and the carbon concentration
was between 1.4 and 3.3 at.%. For the ZnO films the carbon concentration
varied between 0.3 and 2.8 at.% and there is a clear dependency on rotation
speed but the maximum concentration stays rather low. These numbers are low
if we consider the 'H concentration of the films deposited with low deposition
temperature or fast rotation speeds. If the 'H would originate purely from the
embedded methyl/ethyl groups, the carbon concentration should be significantly
higher. From previous studies [24, 33] we know that 2H migrates within the film
and can be replaced by 'H from ambient gasses. This effect was minimized by
measuring all the films containing 2H immediately after the deposition exposing
the film for ambient condition only for couple of minutes. However, it is not
impossible that the 'H/?H exchange reactions take place already during the
deposition leading to higher than expected 'H concentration.

In our previous studies the higher 'H concentration compared to the 2H

concentration was found to be related to too short purging times for the given
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Table 5: The elemental composition of ZnO films deposited at with different rotation speeds
at 100 °C with both normal (}H20) and heavy water (2Hz20).

RPM z o o - °n - GPC Deposition rate
n tot

(1x10% at/cm?)  (1x10'® at/cm? per s)

1H,0 5 47 51 0.3 2.1 - 2.1 1.25 0.31
10 45 51 0.4 4.3 - 4.3 0.83 0.42
20 44 49 0.6 5.8 - 5.8 0.63 0.63
50 38 50 1.0 10.7 - 10.7 0.38 0.96
2H,0 5 45 50 0.3 1.5 2.9 4.4 0.63 0.16
10 39 49 1.5 6.6 3.1 9.7 0.38 0.19
20 37 51 1.2 7.8 3.5 11.3 0.25 0.25
50 25 55 2.8 146 2.0 16.6 0.12 0.3

temperature. The films deposited at ”ideal” conditions (high enough temper-
ature, long purging times) had always higher 2H concentration than 'H con-
centration for both Al;Os and ZnO. For example, Guerra-Nufiez et al. [29]
and Guziewicz et al. [31] reported 2H to be the majority hydrogen isotope at
similar deposition temperatures in AlsO3 and ZnO films, respectively. Both
of them used long purging times which explains why they did not found films
with 'H as a majority hydrogen isotope. However, results obtained by Hiraiwa
et al. [50] on 'H/?H concentration of Al;O3 are somewhat mixed. Similar to
us, they reported 'H to be the majority isotope at 100 °C, and at higher tem-
perature (450 °C) the 2H concentration was higher than the *H concentration.
However, they reported that the total hydrogen concentration at 450 °C was
higher when normal water was used. In a recent study Xia et al. reported quite
contradictory results on ZnO films [57] compared to our results in this and in
our previous study [33]. According to them the 'H concentration is higher than
2H concentration in all deposition temperatures between 100 and 300 °C even
though they have used long (60 s) purging times. This emphasises the need for
precise description and consideration of the process parameters since they will
impact the film composition and other properties, and the conclusions drawn
from them. This question has earlier been addressed, for example, by Sgnsteby

et al. [73].
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As seen from [Tables 2H5| the actual deposition rate in 10'° at./cm?/s in-

creases with increasing substrate rotation speed even if the GPC decreases. This
is true for both AlO3 and ZnO but the GPC of ZnO decreases more rapidly
with increasing rotation speed. Therefore, the actual increase in throughput of
ZmO is significantly lower than with Al;O3. On the other hand, a high deposi-
tion speed also leads to lower quality films with higher impurity concentrations.
This can, for example, have an effect on the electrical properties of the film
[74, [75]. Also, the barrier properties of the film can be affected by the high
impurity concentrations. For example, hydrogen incorporation impacts indi-
rectly the performance of ALD films in moisture and gas barrier applications.
Films with high hydrogen concentration are known to be less dense [23] 29| [76],
leading often to a poor barrier quality when low deposition temperature or fast
deposition speed is used [9] [I3] B4]. However, the deposition rate achieved by
the SALD at low temperatures can be an order of magnitude higher than with
temporal ALD making it an attractive option if satisfactory film quality can be

reached.

4. Conclusions

Both Al;O3 and ZnO films contain 'H and ?H when deposited with heavy
water. The main hydrogen isotope in the films depends on the deposition con-
ditions so that more ideal conditions (high temperature or long exposure/purge
times) seem to favour incorporation of 2H over 'H. For low deposition tempera-
ture and short exposure/purge times the results are quite the opposite. This is
in line with the results obtained from temporal ALD studies [24] [33]. After the
deposition at non-ideal conditions both films are also highly oxygen rich. Deu-
terium gets incorporated presumably in the films as OH-groups, which should
lead to high O and ?H concentrations. On the other hand, high 'H concen-
tration does not lead to as high carbon concentration as would be expected if
methyl/ethyl groups are buried into the films. These assumptions are in con-

tradiction with each other. Our results show that the mechanism behind the
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simultaneous high oxygen and 'H concentrations at non-ideal deposition condi-
tions is related to inadequate purging at given temperature, but requires further
studies to be understood completely.

Deposition of thin films with spatial ALD requires precise consideration in
order to produce high quality and low impurity films. The throughput i.e. the
growth rate (A/s) of the ALD deposition can be sped up considerably by short-
ening the exposure/purging time. Even though the growth-per-cycle decreases,
the throughput can increase due to shorter cycle times. The throughput of the
Al;O3 increases significantly with increasing rotation speed while the GPC of
the ZnO suffers more from shorter exposure/purging times. However, the in-
crease in throughput does not come without a cost and leads to higher impurity
concentration. In addition, the precursor exposure and purge times can not be
as easily or independently changed as in temporal ALD. This makes the design
and construction of a SALD-reactor that is suitable for multitude of processes

much more challenging.
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