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ABSTRACT: In atomic layer deposition (ALD), the initial growth is of
particular interest because it defines the nucleation behavior and determines
the minimum number of cycles to achieve a closed layer. The growth rate is
quantified by the growth per cycle (GPC). Due to nucleation inhibition or
enhancement, the initial GPC for ALD processes of a given material system
onto a specific substrate may differ from its (steady-state) literature value
because the GPC is mostly noted as an average value of at least a few hundred
cycles. However, the knowledge of the growth behavior within the first few
cycles is of particular importance in context of super cycles and nanolaminates. Individual ALD cycles of the host material (e.g.,
TiO2) are replaced by those for the deposition of another compound (e.g., Al2O3) to infiltrate the host material with a dopant.
For a precise dosage/doping and tailor-made synthesis, knowledge of the individual GPC is crucial. Herein, precise quartz crystal
microbalance (QCM) studies were used to investigate the initial growth of TiO2 onto Al2O3 (deposited by ALD) (1) and vice
versa the initial growth of Al2O3 onto TiO2 (2). In case 1, an enhanced initial GPC of the TiO2 deposition was observed that was
close to the equilibrium value of Al2O3 deposition. In the second case, the initial GPC of Al2O3 was found to be close to the
equilibrium value of TiO2 deposition. The growth process itself can be simply modeled by a superposition of parallel growth onto
itself and onto the foreign species. We attribute our observations to an ALD process intrinsic inhibition of the TiO2 growth.

■ INTRODUCTION

The physical properties of thin films, such as surface
roughness,1 hardness,2 lattice constant,3 dielectric constant,4

refractive index,5 and phase-transition temperatures,6 to name a
few of them, mainly depend on their composition as well as
crystallinity. The need for tailor-made materials whose
properties are solely predetermined by external (working)
conditions has risen with respect to economical and ecological
usage of raw materials. For example, component parts of
various devices and application areas are subjected to the most
adverse environmental conditions during their use. A thermal
barrier is essential for turbines, which work at temperatures up
to 1650 °C to prevent the raw material from overheating and
corrosion, elongating the turbine lifetime.7 Novel promising
approaches such as inverse titania opals, which act as photonic
crystals in the near-infrared, lack structural stability at
temperatures higher than 1000 °C, mostly due to crystallization
and loss of microstructure.8 The use of dual material systems
such as nanolaminates or by doping can shift the phase-
transition temperature to higher temperatures, making the
inversed opals much more stable at elevated temperatures.6,9

Hence, the preparation method of choice has to be versatile,
capable of processing various materials and material combina-
tions and able to produce a conformal coating. Specifically,

atomic layer deposition (ALD) is one method which enables
the experimentalist to synthesize multilayer systems by utilizing
supercycle approaches.10 In detail, through adjustment of the
number of ALD cycles of the combined (two or more)
individual processes according to the known growth rates, the
synthesis of tailor-made ternary materials is possible in addition
to doping of a specific species into a host material. A wide
variety of novel, tailor-made, composite materials has been
employed utilizing ALD methods, including alloys,3,11−23

nanolaminates,5,24−32 doped materials,33−37 and mixed ox-
ides.38,39 For multilayer systems as well as nanolaminates with
individual layer thicknesses in the lower nm-range, correspond-
ing to at least several tenths of ALD cycles, the individual layers
and thus the total film growth can be described by the
equilibrium growth rates. However, the depicted deposition
behavior of one material onto the surface of the host material
becomes important when ALD is used for doping of only a
small amount of material into a host or into extremely thin
layers. As a proof-of-concept, we herein investigate the interplay
of the first pulses of Al2O3 and TiO2 depositions onto each
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other and show that surface-dependent inhibition can be
observed which may drastically alter the physical properties of
compounds deposited by a supercycle approach.

■ EXPERIMENTAL SECTION
General ALD Deposition Parameters. A QCM from Colnatec

was modified to fit into an in-house built ALD reaction chamber for
measuring the change in frequency, which corresponds to a change in
mass. The depositions were conducted using continuous flow mode by
utilizing trimethylaluminum (TMA) (Sigma-Aldrich) and DI water at
room temperature and titanium tetrakis isopropoxide (Ti(OiPr)4)
(Sigma-Aldrich) heated to 85 °C as precursors. The pulse times
corresponds to 0.4 s (TMA), 0.4 s (H2O), and 2 s (Ti(OiPr)4),
respectively. The purge time was kept between 60 s (after the metal-
precursor pulses) and 90 s (after the H2O pulses) for the general
depositions. The pulse lengths and purge times were chosen based on
results in growth studies in the exposure mode40−42 and according to
literature.43,44 The flow of Ar(5.0) carrier gas was set to 2.5 l/h.
Deposition of Alternating Al2O3 and TiO2 Thin Films. A

sequential deposition of 50 cycles TiO2 onto prior deposited TiO2 and
50 cycles of Al2O3 onto prior deposited Al2O3 served as reference. In
the following, the growth of 50 cycles TiO2 (Al2O3) was analyzed as a
function of the number n (m) of ALD cycles of the prior deposited
material, namely Al2O3 (TiO2). The experimental procedure is
schematically sketched in Figure 1a.
Influence of Purging Time on TiO2 Growth Behavior. The

time between individual blocks of 30 TiO2 ALD cycles was varied
between 300 and 7200 s, and the initial growth of the subsequent cycle
was observed. A schematic sketch is shown in Figure 1b.
Validation Experiment with Multiple H2O Pulses onto a TiO2

Surface. A TiO2 thin film deposited by 50 cycles of Ti(OiPr)4 and

H2O was treated within 1 h with 2−40 H2O pulses (2, 4, 8, 16, 20, or
40). The variation in frequency of the following TiO2 deposition,
especially during the first cycle, was measured.

■ RESULTS AND DISCUSSION

We utilized a quartz crystal microbalance (QCM) setup which
possesses a resolution high enough to differentiate between the
single pulses of each precursor used in the ALD deposition
process.1,45 The resonance frequency of the QCM changes with
additionally deposited mass onto the crystal. A typical
frequency pattern during an ALD deposition of Ti(OiPr)4 +
H2O onto previously deposited TiO2 is shown in Figure 2a.
The stepwise variation of the frequency corresponds to

Ti(OiPr)4 as well as H2O pulses, which is read as mass (ng/
cm2) deposition during each of the individual pulses. By
calculating the slope of such a curve, it is possible to identify the
growth rate of the deposited material. The high resolution in

Figure 1. (a) Schematic illustration of the ALD cycles. TiO2 and Al2O3
were deposited onto themselves, separated with 900 s purging time, as
a reference, whereas the further growth of TiO2 and Al2O3 was
performed on top of previously deposited Al2O3 and TiO2,
respectively. (b) Schematic illustration of deposition cycles of TiO2
(blue) separated by blocks (highlighted in white) with varying purging
time.

Figure 2. (a) Frequency variation (black) and temperature (red)
during a Ti(OiPr)4 + H2O process recorded by a QCM. (b) Negative
frequency variation for the first few pulses of Ti(OiPr)4 + H2O onto an
Al2O3 surface as a function of process time. (c) Influence of previous
Al2O3 cycle(s) on the frequency variation during the following
deposition of TiO2.
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frequency and time of the QCM setup permits the study of
only a few ALD cycles onto different surfaces. For depositing
TiO2 onto itself (which is shown in Figure 2a, the first pulse has
the same variation of frequency, corresponding to a mass
uptake of about Δf = ∼2 Hz/cycle, as the following pulses,
indicating a negligible influence of the surface onto the first
pulses and leading to a constant growth rate over the entire
process. The same applies to the deposition of Al2O3 from
TMA and H2O (see Supporting Information, Figure S1) onto
an Al2O3 surface with a frequency change of Δf = ∼9 Hz/cycle.
Conversely, when the surface is changed from previously
deposited TiO2 to previously deposited Al2O3, the first pulses
of Ti(OiPr)4 + H2O differ dramatically in amplitude from the
following ones, which is displayed in Figure 2b. To ease the
comparison of the frequency variation during TiO2 cycles
(Ti(OiPr)4 + H2O), the frequency before the first pulse is
named f 0 and the frequencies after the nth cycle as f n (e.g., f1
after the first cycle, f 2 after the second cycle etc.). The change
in frequency, corresponding to the mass uptake during the
cycle, is then obtained from Δf n = f n−1 − f n. The negative
change in frequency is plotted in Figure 2b; due to the inversely
proportional correlation of the frequency and mass of the
crystal, ascending curve reveals a mass uptake and therefore
film growth. The gained frequency variation during the first
pulses of Ti(OiPr)4 + H2O is plotted in Figure 2c: Δf n
decreases from the first cycle with approximately 9 Hz down
to already approximately 4.5 Hz during the second cycle and
continues to decrease below 3 Hz. This trend points to the
conclusion that the first cycles of TiO2 deposition onto an
Al2O3 surface lead to a mass deposition higher than the
deposition onto a TiO2 surface. This difference of deposition
behavior, reflected in the mass gain, can only be explained by
the different surfaces presented to the gaseous precursors. As
demonstrated previously by Kim et al.,46 no reaction between
TMA and Ti(OiPr)4 is expected, hinting to a general difference
in growth behavior of the surfaces of TiO2 and Al2O3.
To further investigate the influence of different surfaces or

modifications of the surfaces, a variable amount of Al2O3 pulses
was deposited in between two TiO2 depositions, and the
frequency variation during the first 50 cycles was observed for
each block. The frequency variation per pulse is depicted in
Figure 3. The inset in Figure 3a displays the frequency variation
when a variable amount of Al2O3 layers is deposited in between
two blocks of TiO2 depositions. The change in frequency of
each TiO2 cycle for 1, 2, 4, and 8 cycles of prior Al2O3
deposition is presented in Figure 3a. The effect of a higher mass
deposition rate caused by the prior Al2O3 deposition vanishes
after approximately 10 cycles of TiO2 deposition. However, for
the first few pulses (<10), the TiO2 growth is greatly affected,
especially Δf of the first cycle, and increases drastically with an
increasing number of prior Al2O3 cycles. When only focusing
on the first cycle of the further TiO2 deposition, it is clear that
even one single cycle of Al2O3 already has a significant influence
on the sequential growth of TiO2, leading to an increase in Δf.
Furthermore, with increasing cycle numbers of prior deposited
Al2O3, the frequency variation is elevated up to more than five
times when in comparison with a steady state TiO2 deposition.
Depicted in Figure 3b is the normalized Δf for the first cycle of
TiO2 deposition depending on n cycle(s) of previously
deposited Al2O3 (left) and the normalized Δf for the first
cycle of Al2O3 deposition depending on m cycle(s) of
previously deposited TiO2 (right).

It is obvious that with a sufficient number of Al2O3 cycles, to
form a closed layer of Al2O3 deposited in between, the
frequency variation during the first TiO2 cycle reaches a
maximum value of mass deposition, which is approximately five
times as high as that during a steady state growth of TiO2. This
effect of increased mass deposition seems to be almost
independent of the temperature (compare data of Figure 3
b) deposited at 95 °C and Figure S2 (Supporting Information,
deposited at 150 °C) which shows the same trend.
In contrast, by depositing Al2O3 subsequently to m

previously deposited cycles of TiO2, a reduced frequency
variation, and therefore mass deposition, in the beginning was
observed. As depicted in Figure 3c, the initial inhibiting
influence of the previously deposited TiO2 vanishes after a
certain amount of Al2O3 cycles, and the overall deposition rate
reaches a constant equilibrium value, though the first few cycles
show a frequency variation which is much lower than that
during the normal growth of Al2O3. Again, this effect was found
to be independent of the temperature (compare data of Figure

Figure 3. (a) Normalized frequency variation during the deposition of
TiO2 after previous depositions of 1, 2, 4, and 8 cycles of Al2O3. The
inset demonstrates an overview of the conducted experiment and a
change in frequency during the deposition of Al2O3 and the following
deposition of TiO2. The change in frequency is normalized to the
equilibrium change in frequency during a normal deposition of TiO2.
(b) The influence of the numbers of previous Al2O3 cycles on the
frequency variation during the first pulse of TiO2 deposition (left);
frequency variation during the first pulse of Al2O3 deposition after
different numbers of TiO2 cycles (right). (c) The frequency variation
according to the cycle number during the deposition of Al2O3 after the
previous deposition of 1, 2, 4, and 8 cycles of TiO2.
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3b) deposited at 95 °C and Figure S3 (Supporting
Information) deposited at 150 °C).
Note, the conducted experiments demonstrate that the

underlying material plays an important role for the deposition
of both materials. Additionally, the frequency variation of the
first pulses for a TiO2 deposition onto an Al2O3-covered surface
is increased up to a value, which is in the range of the frequency
variation during the general deposition of Al2O3 onto itself;
conversely, the frequency variation during the first cycle of
Al2O3 deposition onto an TiO2 covered surface is decreased to
a value, which is comparable to that of TiO2 onto itself.
The authors want to emphasize that, for validation of the

given results the frequency variation of a completed pulse was
considered and no kinetic considerations by analyzing the time
course of the frequency variation were made.
For elaboration of a model to calculate the actual growth rate

of one of the discussed materials, the ratio of surface groups in
dependence of the amount of cycles has to be taken into
account.
Starting with a surface formed by depositing Al2O3, the

surface is terminated with Al2O3 surface species (SS(Al2O3)),
functioning as anchor groups for the following Ti(OiPr)4
precursor. This surface apparently enables for a higher mass
deposition compared to a TiO2 surface (SS(TiO2)). The first
cycle of Ti(OiPr)4 + H2O partially covers the Al2O3 surface,
introducing SS(TiO2) as new anchor groups. As mentioned, the
reaction onto a SS(Al2O3) seems to enable for a higher mass
deposition than on a SS(TiO2). After introduction of the first
SS(TiO2) onto the surface, the following Ti(OiPr)4 + H2O
pulses see both surface species. With increasing number of
Ti(OiPr)4 + H2O cycles, the SS(Al2O3) get completely covered
by SS(TiO2) and are not accessible for further cycles. Expressed
differently, the previous Al2O3 surface is converted into a TiO2
surface gradually with each cycle. On the basis of this simple
model, one can think of a combination of both surfaces with
depending mass deposition rates adding up to a total growth
rate in dependence of the (initial) ratio of surface species.
Specifically, for the growth of TiO2, we have two different
conditions: first, the growth onto an SS(Al2O3)

= β− − )G Ae f f
SS(Al O )
TiO ( /n

2 3

2 0
(1)

and second the growth onto SS(TiO2)
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SS(TiO )
TiO

TiO TiO
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2

2
2 2
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where the frequency variations CAl2O3
and CTiO2

correspond to
the frequency variations per cycle of Al2O3 and TiO2 deposited
onto itself and are independent of the conducted experiment.
This definition holds true for the default deposition sequences
with a pulse ratio of the organometallic precursors and water of
1:1. The expression f n − f 0 equals to the difference in frequency
after the nth cycle subtracted by the start frequency, as
described in Figure 2b). A and B are defined as the surface
coverage dependent frequency variations per cycle onto the
surface species SS(Al2O3) and SS(TiO2), respectively.
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The combination of eqs 1−3 result in an overall growth per
cycle behavior of TiO2 depending on the ratio of surface
species:
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By fitting the given results with this equation, we determined
β, which is a relaxation term, and equal to 12.5 ± 1.5 Hz. This
relaxation term is a technical constant, which describes the
change in frequency necessary to achieve saturation of all
SS(Al2O3) with the precursor Ti(OiPr)4 and which is
independent of the amount of previously deposited Al2O3
cycles. Thus, the model only depends on the ratio between
TiO2- and Al2O3-surface groups, which varies due to the
amount of previously deposited Al2O3. Exemplarily, the
frequency-dependent growth behavior of TiO2 after six cycles
of previously deposited Al2O3 is shown in Figure 4 a), where

the measured data points (blue squares) and the resulting fit of
the model (red curve) are compared. Additionally, the two
individual contributions GSS(Al2O3)

TiO2 and GSS(TAiO2)
TiO2 are plotted in

orange and blue curves, respectively. After a change in
frequency of f n − f 0 ∼ 50 Hz, the influence of the Al2O3
surface species vanishes, which means that no further Al2O3
surface species are accessible for further growth, and the normal
growth rate of TiO2 onto itself is established.
For the deposition of Al2O3 onto TiO2, the definition of the

growth behavior onto both surface species is analogous:

= γ− − )G Be f f
SS(TiO )
Al O ( /n

2

2 3 0
(5)

for the growth of Al2O3 onto SS(TiO2) and

= − − γ− − )G C C A( )e f f
SS(Al O )
Al O

Al O Al O
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2 3

2 3
2 3 2 3

0
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for the growth onto a SS(Al2O3). The overall growth per
cycle behavior of Al2O3 depending on the ratio of surface
species is obtained from the combination of eqs 5, 6, and 3:
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Figure 4. Frequency variation per cycle according to the overall
frequency variation during the deposition of (a) TiO2 and (b) Al2O3.
The data points show the deposition of TiO2 after six cycles of
previous deposited Al2O3 (blue data points) and of Al2O3 after eight
cycles of previous deposited TiO2 (green data points). The red lines
correspond to the applied model, while the blue line and the orange
line represent the deposition onto Al2O3 surface species and the
deposition onto TiO2 surface species, respectively.
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By fitting the given results with this equation, we were able to
determine the relaxation term γ to be 17.6 ± 2.3 Hz. The effect
of eight previously deposited cycles of Ti(OiPr)4 + H2O onto
an Al2O3 deposition is presented in Figure 4b exemplarily. The
green squares represent the data points, and the resulting fit of
the model is depicted as the red curve.
Our applied model is in good agreement for the measured

growth behaviors. After determining the technical constants β
and γ, the model is able to describe the growth behavior of
Al2O3 onto TiO2 and vice versa according to the surface-groups
ratio. Thus, the experimentalist is enabled to forecast the
growth of these two materials onto each other, which is
essential for a correct calculation of stoichiometry for the
fabrication of doped samples or thin multilayer systems as well
as thin cover layers.
Nonetheless, the general observation that the amount of

deposited mass during the first pulses of both materials
depends only on the underlying surface and its ratio of surface
groups, leading to the conclusion that the general difference in
growth rate between the deposition of Al2O3 and the
deposition of TiO2 is due to a growth inhibition during the
ALD growth of TiO2. An etching mechanism as seen in the
deposition of aluminum doped zinc oxide (AZO) can be
excluded because no mass loss is observed during the TiO2
treatment with TMA.45,47 Because the growth during the first
pulse of Al2O3 onto a previously deposited TiO2 surface shows
the same behavior as TiO2 onto itself, we assume that the
inhibition is caused by the Ti(OiPr)4 precursor. The used
precursors are well-established in ALD because of their self-
limiting character.48 After the first pulse of the Ti(OiPr)4
precursor, the originally −OH terminated surface is now
terminated with −OiPr groups. These surface groups are self-
limiting to both Ti(OiPr)4 and TMA respectively. Nevertheless,

the following ALD half cycle introducing H2O to the surface is
supposed to react with those surface groups to convert the
surface again into −OH species and lead to an desorption of
isopropanol molecules as described in literature.49−51 However,
Hoffmann et al.52 showed that this reaction step is only limited
by the chemical reaction rate and that a small amount of −OiPr
stays unreacted on the surface after the water pulse. The
remaining unreacted −OiPr species act than as an inhibitor
because the self-limiting character still remains during the
following Ti(OiPr)4 or TMA pulse. This behavior requires the
elongation or multiple repetition of the water pulse to promote
a complete reaction of the surface.52 A generalized scheme is
depicted in Figure 5a, demonstrating the inhibiting effect of
unreacted −OiPr groups during the pulse of H2O in
comparison with n repetitions of H2O pulses to promote a
complete surface reaction. The nonreacted −OiPr groups can
be considered as an intrinsic inhibitor for the subsequent
growth of either TiO2 or Al2O3. As mentioned earlier, the
presence of unreacted −OiPr groups at the surface leads to an
overall inhibited mass deposition during one cycle of TiO2

deposition. This mass deposition, measured as frequency
variation, was defined as CTiO2

within the model. Modifying
the surface species due to multiple H2O pulse leads to a
modification of CTiO2

, which then has to be considered during
the application of the presented model. The authors want to
emphasize that the model was applied to a deposition process
including a pulse ratio of the organometallic precursors and
water of 1:1, as it is used in default ALD processes.
The characteristics of isopropanol as a growth inhibitor in

ALD processes has been previously reported by the Elam
group.53 However, in contrast to the general model of process
inhibition, the remaining isopropoxide groups are not

Figure 5. (a) Schematic illustration of the inhibition model during the deposition of TiO2 and the nullification of the inhibition due to multiple H2O
pulses. (b) Frequency variation during the first pulse of a TiO2 deposition after the previous treatment with several H2O pulses; the inset
demonstrates the observed change in frequency during the introduction of (eight) pulses of H2O. (c) Frequency variation during the first pulse of a
TiO2 deposition after elongated purge times at temperatures of 95 °C (light blue) and 150 °C (dark blue). (d) The combination of 1600 cycles on
total of TiO2 and Al2O3 with different ratios and the resulting film thicknesses (blue) and refractive indexes (red). The experimental data correspond
to the solid squares; the fitted data applying the presented model correspond to the hollow circles.
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introduced separately to cover the surface partially beforehand;
instead, the inhibitor arises from the previous reaction, leading
to a general intrinsic inhibition during the growth of TiO2 by
means of Ti(OiPr)4 and H2O as precursors. Additionally, this
inhibition characteristic remains even during the pulse of TMA
as shown in this work, which differs from the behavior observed
when using TiCl4 as precursor for TiO2.

54 The departure of a
chlorine group of the precursor TiCl4 is facilitated, which can
lead to an additional uptake of TMA onto an already saturated
surface treated with TiCl4.

54 The usage of Ti(OiPr)4 as
precursor does not enable such a side reaction and is therefore
preferred as a self-limiting ALD precursor.
To validate the model, multiple numbers of H2O pulses in

the time period of 1 h have been introduced onto a surface of a
deposited TiO2 film and the change in frequency has been
monitored. As depicted in the inlet of Figure 5b, the
introduction of H2O leads to a decrease in mass, which is
magnified by further water pulses.
This behavior can be attributed to the hydrolysis of

remaining isopropyl groups to hydroxyl groups on the surface,
which leads to a secession of the heavier isopropyl groups
reflected as an overall mass loss. The surface gets sequentially
converted into a Ti−OH terminated interface, leading to a
mass loss, which of course results in an increased mass uptake
behavior during the following first pulse, as depicted in Figure
5b due to an increased amount of ALD-active surface groups. It
is obvious that after applying a sufficient amount of water
pulses, a frequency variation and therefore mass uptake during
the first pulse is achieved, which is comparable to the growth
onto a pure Al2O3 surface. This observation validates the
previous assumption that the reason behind the lower growth
onto a TiO2 surface is due to an intrinsic inhibition mechanism.
An altered deposition cycle with elongated H2O pulse times
would result in an increased growth per cycle (for detailed
change in growth rate in dependence of the individual pulse
times, see Supporting Information, Figures S4−S7). With H2O
pulse times exceeding the above applied 0.4 s during the
deposition of TiO2, an increased growth rate was observed.
Especially with H2O pulse times exceeding 1 s, a highly
increased growth per cycle was determined. This is in good
agreement with previous results of Sinha et al.,55 which showed
an increase in growth rate with H2O pulse times up to 2.5 s.
Within the conducted experiment, pulse times up to 5 s were
applied, demonstrating a strong variation of the growth rate in
dependence of the H2O pulse times. According to the assumed
intrinsic inhibition, a longer pulse time leads to a higher
amount of hydrolyzed OiPr groups and a lower inhibition
during the subsequent growth. In detail, growth rates of 0.003
Å/cycle up to 1.0 Å/cycle have been reported for the
depos i t ion of TiO2 ut i l i z ing the same precur -
sors.48,50,51,55−67,44,68−76,43

Because we did not use an ultrahigh vacuum system or
ultrapure carrier gas, an absence of water in the purge gas or in
the chamber could not be achieved completely because traces
of humidity might have been introduced into the chamber
through small leakages or impurities of the purge gas. The
presence of H2O was verified by a control experiment by
pulsing highly reactive TMA solely into the chamber. A small,
but measurable growth of 0.04 Å/pulse was observed.
Hence, a long pump time also leads to a small but

measurable decrease in mass due to continuous hydrolysis of
the remaining isopropoxyl groups on the surface. Figure 5c
shows the normalized frequency variation during the first pulse

of a TiO2 deposition onto an ALD deposited TiO2 surface,
which was purged for various time periods beforehand. The
frequency variation during the first pulse is increased when an
extended purge time is applied between two blocks of TiO2
depositions. This effect points to a continuous hydrolysis of
remaining isopropoxyl groups which effectively counteracts the
intrinsic inhibition. The theoretical limitation would be a
complete hydrolyses to achieve an OH terminated surface. By
comparing the OH coverages of TiO2 with 12−14 OH/nm277

and Al2O3 with ∼15 OH/nm2,78 a mass deposition of
comparable amounts for both surfaces can be expected.
However, the OH coverages are the theoretical maximum

values; both materials show a reduction in OH coverages in
experimental analyses due to bare Ti, Al, and O sites on the
surface.77,78 Because the observed reduction is in the same
order for both materials, the difference in OH coverage seems
to be negligible small. Furthermore, no significant temperature
dependence was found. As mentioned previously, the inhibition
effect can be traced back to the presented surface groups and
can be correlated to their different chemical reactivity between
them and the gaseous precursors.
In summary, an intrinsic inhibition process was identified,

and a model was developed to fit the observed growth
behaviors under consideration of different surface species and
their influence on the mass deposition rate. As depicted in
Figure 5d, the model enables a more accurate calculation of the
combined deposition of two materials with each other. The
calculated layer thicknesses and refractive indexes in terms of an
effective medium model fit very well with the experimental
results and demonstrate that the applied model describes the
observed inhibited growth process quite well.
Additional experiments were conducted to show the

influence of a high H2O concentration on a freshly deposited
TiO2 layer over time by an elongated purge time or multiple
H2O pulses. With this, it was possible to suppress the intrinsic
inhibition during the TiO2 deposition. The wide range of
previously reported growth rates for the deposition process of
TiO2 corroborates the importance of a well-known surface
composition. This indicates that the identified intrinsic
inhibition process may have caused such a variety of growth
rates.
With respect to generality, one can argue that the class of

metal-alkoxide ALD precursors may suffer from a process-
dependent intrinsic inhibition caused by an incomplete release
of alcohols. This possibility gives hint that only an introduction
of a higher amount of H2O due to longer pulse times, longer
purge times, or multiple pulses of H2O can increase the growth
rate by overcoming the intrinsic inhibition. Alternatively, the
usage of ozone may also overcome the intrinsic inhibition
because the not so well-controlled decomposition process of
the isopropyl groups would open other reaction pathways in
the ALD process. It was already shown that with the use of
ozone and more elevated temperatures, no inhibition in the
deposition of TiO2 was observed.
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Finally, we would like to point out that care has to be taken
by deposition of nanolaminates or compound materials because
a simple combination of two (or more) well-established
processes might end up with unintended results regarding
stoichiometry and film thickness. However, the knowledge of
shown intrinsic inhibition mechanisms leads to the develop-
ment of model systems, as demonstrated above, which enables
the manufacturer for exact calculations of pulse ratio to get the
desired doping level and compound stoichiometry.
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