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ABSTRACT

Despite its potential for CMOS applications, atomic layer deposition (ALD) of GeO, thin films, by itself or in combination with SiO,, has
not been widely investigated yet. Here, we report the ALD growth of SiO,/GeO, multilayers on silicon substrates using a so far unexplored
Ge precursor. The characterization of multilayers with various periodicities reveals layer-by-layer growth with electron density contrast and
the absence of chemical intermixing, down to a periodicity of two atomic layers.

© 2020 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (http://

creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0009844

In the last four decades, atomic layer deposition (ALD) has seen
widespread adoption as a thin film growth technique."” Its scalability,
unprecedented conformality, and thickness control down to the
atomic level make it a valuable asset to most nanofabrication efforts,
playing a key role in commercial semiconductor manufacturing.
Although chiefly known for the growth of relatively simple com-
pounds, such as binary oxides, nitrides, or sulfides, amorphous for the
most part, ALD is also used to grow metals,” and recently, more com-
plex, multicomponent materials,”” including perovskites,” '’ have
been realized as well.

One of the materials with the longest history using the ALD tech-
niques is SiO,,"" a key element in the microelectronics industry with
applications as a passivation layer and gate oxide, among others. Less
ubiquitous is the ALD growth of the related material GeO; its growth
using ALD is relatively unexplored, and not many of its possible pre-
cursors have been tested.'”"* Research on GeO, films has been mainly
devoted to the study of the GeO,/Ge interface, with GeO, films being
proposed as a means to reduce the concentration of interface states
between Ge and a high-K dielectric on top,'” ' with the goal of realiz-
ing MOSFET's with a Ge-based channel. In these studies, thermal or
plasma oxidation, as well as vapor growth,'®'” was used. It is worth
mentioning that these works use precursors containing alkoxy or
halide ligands, which, in SiO, ALD, have been shown to have less-
than-ideal reactivity and corrosive byproducts.”””"

Thin films consisting of SiO, and GeO, multilayers have been
investigated in the past, from both solution and vapor deposition

methods,”* ** with the focus being mostly on their optical properties.

In this work, we show that using tetrakis(dimethylamino)germanium
(IV) (TDMAGe) as a precursor, it is possible to deposit GeO, as well
as Si0,/GeO, multilayers by thermal ALD. Proper intermixing
between SiO, and GeO, in ALD multilayers is a key goal of this
growth experiment. Achieving intermixing via post-annealing is not
an option, given that these two compounds are known to phase sepa-
rate, rather than mix, upon heating.25 26

We use a Picosun R-200 Advanced hot-wall ALD System whose
chamber opens to a glovebox containing a nitrogen atmosphere, with
controlled oxygen and water concentrations. We grow oxide thin films
using organometallic Si and Ge precursors. These are bis(diethylami-
no)silane (BDEAS, commonly known as SAM-24) and TDMAGe,
respectively, both of them purchased from Air Liquide. The precursors
are housed in PicohotTM 300 and PicohotTM 200 canisters, which
allow heating up to 260 °C and 200 °C, respectively. The organometal-
lic precursors are delivered into the reaction chamber, through heated
valve blocks, using nitrogen as carrier gas.

The oxidizer used in this work is ozone, which is produced from
an INUSA Ozone Generator using Oxygen 6.0. Our valves allow a
minimum opening time of 0.1s. Accessible process temperatures
range from 100°C to 300°C, and the typical process pressure is
17hPa. A temperature of 38°C for the BDEAS precursor bottle was
established to give acceptable delivery rates. The TDMAGe bottle
needed to be heated to 80 °C to achieve similar precursor delivery rates
to the reaction chamber. The gas lines downstreaming from the bottles
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were heated to 10-20 °C above the temperature of their respective bot-
tle to avoid precursor condensation taking place before reaching the
reaction chamber.

The SiO, growth from BDEAS was optimized in collaboration
with Picosun®. The reactor temperature was set to 300°C. The
BDEAS pulse length was 0.1 s, followed by a 6.0 s N, purge. The ozone
pulse length was 8.0 s, also followed by a 6.0 s N, purge. In our system,
SiO, grown in this way shows a growth per cycle (GPC) of about
0.7 A. The GeO, growth has been independently optimized in the pre-
sent work, as detailed below. The films are grown on 15 x 15 mm?
square pieces of Si(100) wafers purchased from Microchemicals
GmbH.

Although the growth of GeO, by ALD using TDMAGe as a
precursor was recently patented,”* the details of the growth were not
reported. Even though the precursors used for GeO, and SiO, are
quite different, both of them use alkylamine ligands. This allowed us
to optimize the GeO, growth, using as starting parameters those of the
SiO, growth.

In the case of the combined SiO,/GeO, multilayer growth, there
are practical constraints to the process. First, the well-known SiO, pre-
cursor BDEAS,”” requires ozone or oxygen to function properly in
thermal ALD. If water vapor is used instead, the Si-H bonds in the
precursor do not react, which results in a decreased growth rate, possi-
bly leading to too high impurity concentrations in the film. For this
reason, it is highly desirable to simplify the process by using ozone as
the oxidizer in GeO, growth as well, even though this may lead to
combustion-like reactions and less gentle oxidization. The ozone pulse
length was fixed at 8 s, sufficient to ensure a complete half-reaction.

Second, the SiO, growth is optimal at or above 300°C. When
growing subsequent layers of different materials by ALD, it is, in prin-
ciple, possible to change the reaction temperature when switching
from one oxide to the next. However, cooling and heating the reactor,
even for relatively small temperature differences, are slow processes,
making the growth time prohibitively long if the temperature needs to
be changed repeatedly. For this reason, while the optimal growth
temperature for pure GeO, is determined, if GeO, growth is still
acceptable at 300 °C, this temperature needs to be maintained in the
multilayer growth.

The minimum operating temperature of our system is, for this
process, about 100 °C. This is necessary to avoid condensation of the
precursors or their reaction products in the chamber. Its maximum
operating temperature is 300 °C in its current configuration. Within
this range, the growth rate of pure GeO, increases with increasing
temperature, remaining approximately invariant above 150°C
([Fig. 1(b)]. One explanation for this behavior is that below 150 °C,
the chemisorption reaction rate for TDMAGe is too low for proper
ALD behavior, resulting in a decreased GPC. It could be argued that
the stabilization of the GPC up to 300 °C is an indication that precur-
sor decomposition is still not significant at that temperature.

The GPC dependence on the pulse length was analyzed as well.
The purge times were kept constant for this series. We can see that the
GPC at 300 °C increases for longer TDMAGe pulses [Fig. 1(d)], while
displaying approximately constant values for the short pulse lengths of
0.1 s and 0.2 s. This could indicate that this temperature is, in fact, suf-
ficient to cause noticeable precursor decomposition, but that this has
no noticeable effect in the growth, provided that the TDMAGe pulses
are short enough. This was confirmed by growing a film at 200°C
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FIG. 1. (a) Sketch of the pulse trains of the two precursors. (b) GeO, film thickness
after 100 cycles at various reactor temperatures. (c) GeO, film thickness for differ-
ent cycle numbers, at 300 °C. A linear regression for this regime yields a GPC of
0.51A. (d) GeO; film thickness for 100 cycles and at 300 °C for different TDMAGe
pulse lengths. Error bars are estimated based on sample dispersion.

using TDMAGe pulses of 0.5 s. In that case, the GPC was 0.53 A. This
shows that the effect of precursor decomposition on the thickness can
be minimized either by growing at sufficiently low temperatures,
which is difficult in our case, as discussed before, or by keeping the
pulse length short. Therefore, the shortest pulse length of 0.1s was
chosen. We further show, for large pulse numbers, the dependence of
the film thickness on the number of pulses [Fig. 1(c)].

The dielectric properties of GeO, films grown with the optimized
parameters were also investigated. Figure 2 shows the result of several
capacitance measurements on one of these films. At low frequencies,
we observe a Debye relaxation with a characteristic time of 6 ms, which
was determined from fitting the real component of the permittivity
(¢/). This likely corresponds to space charge relaxation. The relative
dielectric constant at 1 kHz is &, = 22.

The dielectric constant value that we have determined at 1 kHz is
significantly larger than those available in the literature, such as the

4004+ = 200
W 150-
3001 100;
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"W 2001 0]
w 7 79 7007000
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0+ . : ;
1 10 100 1000
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FIG. 2. Relative dielectric constant (real and imaginary) for a 12nm GeO; film as
calculated from C-V measurements between 1Hz and 5KHz. The tan(d) value is
below 1 for all points above 300 Hz. Dispersion between successive measurements
is most visible at low frequencies. The red lines are a Debye fit with =6 ms.
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theoretical value of & ~ 2.8 extrapolated by Walker et al.,” the experi-

mentally determined static ¢, between 5 and 7 for GeO, grown by Ge
oxidization,””> or the near-static value of & ~8.5 for vacuum-
evaporated films.”® Some GeO, crystalline phases have also been
explored,” ” with their ¢, being significantly different for different
phases. We have also determined the dielectric constant by spectro-
scopic ellipsometry in the range of 300-1700 nm (see the supplemen-
tary material). These results reveal a high-frequency &, ~ 2, slightly
smaller than literature sources.”” ** This suggests at least one more
relaxation process between 5kHz and the near-infrared (NIR) range.
This relaxation can be of the dipole polarization of small amounts of
absorbed water, as GeO, is known to be hygroscopic.**

We then proceeded to grow multilayer heterostructures with
alternating SiO, and GeO, sublayers. This multilayer approach has
been often utilized to synthesize complex materials by ALD." This lay-
ered growth is often characterized in the literature by the ratio between
the numbers of pulses of the metal precursors of the two components.
Here, we have synthesized multilayers with different SiO,/GeO, perio-
dicities using a constant 1:1 pulse ratio and the same total number of
pulses (the same total thickness), but varying the number of pulses in
each train. In this way, it is possible to control the degree of intermix-
ing during the growth step, without resorting to post-annealing.

For the experiments here, we set the total number of cycles to
300, of which half will be GeO, and the other half SiO,. Note that,
assuming that the behavior displayed in Fig. 1(c) can be extrapolated
to lower cycle numbers, the expected thickness for the GeO, and SiO,
layers would be 8 nm and 11 nm, respectively, taking into account our
previously mentioned GPC values at the optimized process parame-
ters. Thus, assuming an ALD linear regime, we expect a total thickness
of 19 nm approximately, without accounting for the native oxide pre-
sent on the wafer. This is in good agreement with the values obtained
from the fitting of the XRR patterns, which give total thicknesses rang-
ing between 19.2 nm and 20.1 nm (see Table S1 in the supplementary
material).

The first experiment, with 150 cycles of TDMAGe/O; followed
by 150 cycles of BDEAS/O3, is denoted as “one repetition” (see Fig. 3).
One repetition, thus, contains a GeO, sublayer and a SiO, sublayer. In
the following experiments, the number of cycles in each sublayer is
subsequently halved, while the number of repetitions is doubled in
order to keep the total number of pulses constant. The XRR patterns
of these films, their fits and an illustration of the models used in the
fits, are plotted in Fig. 4 (the actual parameters of the model can be
found in Table S1 of the supplementary material). By differentiating
the experimental data (which has been obtained with a step size of
0.01° in 20) at low angles and smoothing it with a Savitzky-Golay
filter, we determined the critical angle for all the films to be 0.235°
*+0.005°, independent of the number of repetitions (or the periodicity
of the multilayer), close to the bulk value for SiO, (0.234° for a density
of 2.65 g/cm”).

The XRR patterns show clear thickness oscillations in all cases,
indicating the good homogeneity of the films and the quality of the
top and bottom interfaces. In addition, the patterns corresponding to
the films containing from 2 up to 15 repetitions all display superlattice
reflections, attesting for the presence of chemical contrast between the
SiO; and GeO, sublayers.

The XRR pattern of the film with 15 repetitions shows its super-
lattice signature peak at about 7.1°, corresponding to a period of 12 A,
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FIG. 3. (a) Schematic representation of the synthesis method for the mixed oxide
films. In our study, the pulse trains for the two precursors contain the same number
of pulses: Nrpyace = Nepeas =N, and it varies from film to film. (b) Table detailing
the number of precursor pulses in each train (n) per sublayer and the total number
of cycles (N) in the different films. For the 1:1 pulse ratio used in this work, the total
number of cycles (2n x N) was kept to approximately 300 for the whole series.
This means that for the 1 repetition case, 150 cycles of TDMAGe/O; were done,
and after that came 150 cycles of BDEAS/O3, for a total of 300 cycles in two layers.
(c) Sketch of the expected layered structure after growth.

which is approximately the size of two unit cells in SiO, and GeO,
crystalline polymorphs. In the case of the 15 repetitions sample,
despite the clear superlattice peak, the model is not able to provide a
reliable value for the thickness of the individual SiO, or GeO, sub-
layers. This can be understood looking at the roughness values (see
Table S1 in the supplementary material), which are of the order of the
estimated sublayer thickness (6 A). For the 30 repetition film, only 5
pulses were provided, alternately, for each SiO, and GeO, sublayer,
until the total of 300 pulses is complete. Therefore, the superlattice
periodicity is expected to be half of the value of the periodicity
displayed by the 15 repetition films, 6 A. This value is similar to the
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FIG. 4. (a) XRR scans and fits (red dashed lines) of the six films, from which the
thicknesses were extracted. (b) Side view of the grown films, showing the actual
layer thicknesses as determined by XRR. The red and blue stripes indicate layers
made of different oxides, whereas the purple stripe is used for a layer of mixed
oxide. Superlattice fits add the constraint that all SiO, layers and all GeO, layers in
a single heterostructure have the same thickness, but this constraint is relaxed for
the top SiO, and the bottom GeO, layer in each case, respectively. The native
SiO, layers, although both measured by ellipsometry prior to the ALD process and
accounted for in the models, are not depicted here. Note that the models do include
interface roughnesses. The right axis shows the thickness in multiples of 0.55 nm,
which is approximately the average between the SiO, and GeO, a-quartz of the c-
parameter, as it is used as a characteristic length scale of the material (though it is
amorphous in this case).
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FIG. 5. Representative AFM image, corresponding to a two-repetition sample.

roughness values obtained with the reflectivity fit, and thus, no chemi-
cal contrast is expected. Indeed, in this case, the superlattice model
also gives unreliable results, but, unlike in the case of the 15 repetition
film, the 30 repetition XRR pattern can be modeled by a uniform layer
(see Table SI1 in the supplementary material), consistent with the
absence of superlattice peaks up to an angle of 14°.

The model roughness values are in agreement with those deter-
mined by AFM (RMS roughness). Figure 5 shows a representative
AFM image of a sample surface. AFM micrographs of the six multi-
layer types are available in the supplementary material, as are the
AFM roughnesses, in Table S1. In addition, x-ray Photoelectron
Spectroscopy (XPS) on these films has shown small amounts of carbon
contamination in the films (see the supplementary material), most
likely arising from the ALD growth process.

From this series of experiments, it becomes clear that electron
density, or composition, contrast between the SiO, and the GeO, sub-
layers is present down to the atomic level (close to a unit cell of their
stable polymorphs). On the one hand, these results attest the excellent
capabilities of ALD in general, allowing the growth of heterostructures
with atomic-scale thickness control. On the other hand, it nicely illus-
trates a potential pitfall of the layered approach to compositional tun-
ing in ALD, in that extremely short supercycles are needed in order to
achieve a uniform composition rather than a superlattice.

As a final note, it must be pointed out that, as directly visible in
Fig. 4, the Si0,:GeO, thickness ratio, and therefore the atomic ratio,
changes from one film to the next, even though the pulse ratio for all
of them is maintained at 1:1. This dependence of the composition on
the precise pulsing sequence, and not only on the pulse ratio, has been
previously observed.”

To conclude, we have optimized the ALD growth of GeO, thin
films from TDMAGe and O; precursors. In order to achieve SiO,/
GeO, films by sequential layered growth, a compromise has been
found between the optimal growth parameters and those parameters
that will allow us to synthesize a mixed oxide film in a reasonable
amount of time. Armed with this knowledge, we have set out on the
synthesis of a series of increasingly intermixed SiO,/GeO, thin films,
showing that ALD indeed is able to achieve atomic level accuracy for
these compounds as well.

ARTICLE scitation.org/journal/apl

See the supplementary material for further details on the experi-
mental methods, high-frequency ellipsometry-determined dielectric
constants, AFM images of the films, and details and fitting parameters
giving rise to the XRR simulation curves in Fig. 4.
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