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ABSTRACT

Germanium oxide thin films are promising for advanced applications such as microelectronics, optoelectronics, high-power
electronics, optics, and biomedical uses. However, scalable and controlled low-temperature synthesis of GeO, thin films via
atomic layer deposition (ALD) is limited by the small range of available Ge precursors. We introduce monomeric tetrakis-3-(N,N-
dimethylamino)propyl germanium(IV) [Ge(DMP), ] as a promising Ge precursor. It is non-pyrophoric, thermally stable, and liquid,
and can be obtained in high purity on a multigram scale through an industrially feasible synthesis. Using density functional theory
(DFT) and mass spectrometry (MS), we rationalize the coordination environment and identify a feasible chemisorption pathway,
indicating a high reactivity of the precursor. Subsequently, [Ge(DMP),] was employed in low-temperature plasma-enhanced ALD
(PEALD) over a wide temperature range from 40°C to 240°C, yielding smooth, uniform germanium oxide films. Rapid and
homogeneous nucleation leads to dense films with sub-nanometer thickness. By adjusting the deposition temperature and plasma
duration, the film composition could be readily tuned from GeO, to sub-stoichiometric GeO,. These findings establish [Ge(DMP),]
as an effective, scalable precursor for low-temperature ALD of GeO,, emphasizing the critical role of precursor chemistry in ALD
process development.

1 | Introduction oxide semiconductor (CMOS) technologies. In particular, it holds

potential as a UWBG semiconductor for high-frequency and

Germanium dioxide (GeO,, also known as germania) thin films
are highly valued in advanced electronics and memory devices
[1]. The high permittivity of GeO, (k ~6) [2] along with its
ultrawide bandgap (UWBG) ranging from 4.3 to 6.0 eV [3-5],
and its compatibility with both Si and Ge substrates, makes it
an important material for next-generation complementary metal-

high-power electronics due to its high carrier mobility [1, 6,
7]. Additional applications include anti-reflective coating (ARC)
in solar cells [8], functional layers in gas sensors [9, 10], and
emerging applications in the biomedical sector, where GeO, is
explored for biocompatible antibacterial materials [11, 12] and
bioactive glasses as bone implants [13, 14]. Because of the thermal
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sensitivity of medical substrates, these applications depend on
low-temperature processing.

Notably, Ge offers higher carrier mobilities than Si and is thus
considered a potential successor for semiconducting devices.
However, the practical implementation of Ge is hampered by
challenges in forming a robust passivation layer. Controlled
deposition of GeO, as a complementary dielectric layer with a
defined interface could significantly advance Ge-based devices
[2, 6, 15-17]. Beyond stoichiometric GeO,, oxygen-deficient
oxides (i.e., GeO and GeO, with x < 2) exhibit distinct opti-
cal and electronic properties, further expanding the material’s
versatility [18-23]. Oxygen-deficient GeO, serves as an active
layer in resistive-switching memory [24-26], dark-current sup-
pressant in Ge photodiodes [27], and stabilization layer for
high-capacity anodes in lithium-ion batteries [28-30]. Amor-
phous GeO, has also been investigated as a high-capacity
anode in sodium-ion batteries [31, 32]. In addition, its optical
constants (n, k) vary systematically with the degree of oxy-
gen vacancies [33]. Accordingly, synthesis routes that deliver
GeO, and GeO, with tunable stoichiometry provide a direct
way to modify refractive index, switching behavior, and elec-
tronic characteristics, thereby enabling precise tuning of device
properties.

Beyond applications that utilize the functional properties of
GeO,, its structural characteristics open another interesting field
of research. Recently, interest in 2D germanium monochalco-
genides for optoelectronics has grown, with GeS, GeSe, and GeTe
having been synthesized by atomic layer deposition (ALD) [34].
Furthermore, the exploration of 2D bilayer GeO, could yield a
new material for gas-separation membranes. While such a bilayer
structure has been experimentally demonstrated and analyzed for
the analogous SiO, [35-38], it has so far been investigated mostly
theoretically for GeO, [39-41].

Only recently have a few studies described its successful prepa-
ration [42, 43]. Like bilayer silica, bilayer germania features
molecular-sized pores as an inherent structural element but
with a different structural arrangement and pore size distri-
bution [43, 44]. In the case of silica, the scalable fabrication
of a freestanding membrane from a SiO, bilayer grown by
plasma-enhanced ALD (PEALD) was previously demonstrated.
The inherent pores enabled selective gas separation [45-47],
eliminating the need for artificial perforation or modification,
as required for membranes based on, e.g., graphene [48, 49].
Realizing an analogous freestanding GeO, bilayer structure
could enable the fabrication of a new membrane material
with tailored gas selectivity. However, the stability of germa-
nia and the related bilayer structure has been reported to be
problematic [39, 40, 44], making the fabrication of a stable
freestanding bilayer a challenge. To enable these applications
of germania and related materials, a scalable bottom-up fab-
rication method is necessary. ALD is particularly well-suited
for this purpose, enabling self-limiting deposition of high-
quality thin films with precise control over composition and
thickness. Due to its surface-bound growth mode, ALD further
enables conformal deposition over nanostructures and complex
device architectures [50-52]. PEALD typically allows deposi-
tion at lower temperatures, thereby broadening the process

window to temperature-sensitive applications such as flexible
electronics [53, 54].

However, the development of ALD processes strongly depends
on the availability of suitable precursors that combine high
thermal stability with adequate volatility and reactivity towards
the desired substrate and co-reactant. Ideally, an ALD precursor
should be liquid at room temperature to facilitate handling
and maintain a constant evaporation rate [55, 56]. Due to the
challenges of meeting these requirements, the development of
GeO, ALD processes has so far been limited to only a few
precursors. An overview of published precursors and their pro-
cess details is given in Table 1. These include the homoleptic
[Ge(NMe,),] [57, 58] as well as heteroleptic variants where two of
the monodentate amide ligands are substituted by one variation of
an ethylenediamine ligand in [Ge(NMe,),(NH'Pr(CH,),NHPr)]
and [Ge(NMe,),(NH'Bu(CH,),NH'Bu)] [18]. Additionally, the n-
butoxide-based precursor [Ge(O"Bu),] has been used by Yoon
et al. [57], and another precursor features the chelating 1,2-
bis[(2,6-diisopropylphenyl)imino] acenaphthene (dpp-BIAN) lig-
and in [Ge(dpp-BIAN)] [4]. All these processes require the
strongly oxidizing ozone (O;) as a co-reactant and generally
high temperatures, which can cause damage to sensitive sub-
strates. This can adversely affect applications that rely on a
well-defined interface between the substrate and the deposited
material, as well as the need for precise stoichiometric con-
trol. Only recently have advances been made with alternative
co-reactants. For instance, [Ge(thd)Cl] (thd = 2,2,6,6-tetramethyl-
3,5-heptanedione) has been used in combination with H,O0, by
Choi et al. [59], whereas Hultqvist et al. [60], as well as Shin
etal. [61] employed [ Ge(NMe,), ] respectively with H,O and an O,
plasma as the co-reactant. Although [Ge(O"Et),] has been used
with H,O, that study focused on the electrical properties of the
deposited material, and details on the ALD process characteristics
were not reported [62].

The hitherto reported precursors still require elevated deposition
temperatures to deposit GeO, thin films, except for [Ge(NMe,),].
However, the lowest temperature achieved with this precursor
is still 70°C [61], while it decomposes at elevated temperatures
[57], indicating limited thermal stability. To address this issue
and develop a new Ge precursor that is both processable at
low temperatures and thermally stable, we utilized the 3-(N,N-
dimethylamino)propyl (DMP) ligand, which has been proven to
be a powerful tool toward precursors that enable low-temperature
(PE)ALD [63-66)].

Herein, we report the successful synthesis and detailed
characterization of a new Ge precursor, tetrakis(3-(N,N-
dimethylamino)propyl) germanium [Ge(DMP),], and its
effective use in low-temperature PEALD of GeO, thin films,
employing O, plasma as the co-reactant. It is well known that
plasma-based processes offer an alternative to ozone, enabling
low processing temperatures and greater flexibility in tuning film
properties via plasma parameters (specifically, plasma power and
exposure time) [53, 67, 68].

A systematic investigation was conducted to examine the influ-
ence of plasma parameters on the stoichiometry and composition
of the films deposited. First principles density functional theory

20f18

Small, 2026

85UB017 SUOLULLIOD BAIERID 3ol |dde au3 Aq pauRAB 818 SS e VO ‘3N 4O S3|NI 0} ARIq1T BUIUO AB|IA UO (SUORIPUOD-pUR-SWRYLIOD A8 | 1M AReAq | BU1|UO//SANY) SUORIPUOD PUe swis | 8y} 83S *[9202/c0/40] Uo Ariqiauliuo ABIMm ‘g | ioyureld Aq 286TTSZ0 1ILUS/200T OT/I0p/Loo 3| Im Azeiq iUl |uo//Sdny wouy papeo|umod ‘0 ‘6289€TIT



TABLE 1 | Overview of Ge precursors and process parameters for the deposition of GeO, by ALD.

Precursor Co-reactant Tgep (°C) GPC (A) Refs.
[Ge(dpp-BIAN)] 0, 185-225 0.50 (4]
[Ge(NMe,),] 0, 75-230 0.45 [57]
0, 150-300 0.53 [58]
H,0 120 0.30 [60]
O, plasma 70-250 0.55-0.75 [61]
[Ge(NMe,),(N,N*‘-(‘Pr),-en] 0, 200-320 0.40 [18]
[Ge(NMe,),(N,N‘-(‘Bu),-en] 0O, 200-320 0.31 [18]
[Ge(O"Bu),] 0, 180-330 0.30 [57]
[Ge(thd)Cl] H,0, 150-400 0.27 [59]
[Ge(DMP),] 0, plasma 40-240 0.10-0.55 This work
7 N \
N—
THF
N /\/\
GeCl, + 4 N MgCll ——>
I — 4 Mgcl

SCHEME 1 | Synthesis of [Ge(DMP),] via a salt metathesis reaction.

(DFT) calculations were performed to gain further insight into the
structure and deposition chemistry of this new precursor.

2 | Results and Discussion

2.1 | Synthesis and Characterization of
[Ge(DMP),]

Germanium alkyl complexes are readily prepared via Grignard
reactions [69, 70], and we adopted this straightforward approach
to synthesize [Ge(DMP),] in multigram quantities. For this,
we used the freshly prepared Grignard reagent [(DMP)MgCl],
synthesized according to literature-reported procedures [66], and
employed it in a salt metathesis reaction with GeCl,, as shown
in Scheme 1. Following the same method, Zickgraf and co-
workers previously could only obtain the hydrochloride salt of
[Ge(DMP),] [71]. In our case, small but distinct changes in
the workup led to the formation of the desired [Ge(DMP),] as
confirmed by analysis of the compound. The target compound is
a colorless, clear liquid and was isolated by distillation at 100°C,
yielding 16.2 g (62 %) of high quality and purity. [Ge(DMP),]
remains a liquid even at temperatures well below room tempera-
ture, which is highly beneficial for its application as a precursor

%y

in chemical gas phase deposition methods and suggests reduced
intermolecular interactions between the individual molecules.

The spectroscopic purity of the obtained compound was con-
firmed by 'H and C NMR spectroscopy, which showed the
expected signals. This is shown in Figure 1 with an assignment
of the detected signals to the respective atoms in [Ge(DMP),].
A more detailed description of the NMR spectra is provided in
the Supporting Information, alongside 2D NMR spectra (Figures
S2 and S3), which further confirmed the proposed assignments.
Interestingly, the 'H NMR shows an unusual splitting of the
protons from the two CH, groups adjacent to the metal center
(a magnified view of these regions is shown in Figure S1), which
cannot be solely explained by J;;;; coupling.

A similar splitting was previously observed for [Sn(DMP),] [64],
indicating that the Ge and Sn compounds possess comparable
atomic structures. Since a non-coordinating bonding motif of
the DMP ligand to the Sn center was proposed, resulting in
only Sn—C bonds being present, it is likely that analogously,
[Ge(DMP),] features only Ge—C bonds, as well. To further verify
this assumption, complementary analyses were conducted as
discussed below. Nonetheless, the absence of any impurity signals
in the NMR spectra, alongside well-matching elemental analysis
(EA) values for C, H, N, and Ge (presented in Table S1), proves
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FIGURE 1 | (a)!'Hand (b)3C NMR spectra of [Ge(DMP),] with peak assignments.
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FIGURE 2 | (a)SC-XRD and (b) DFT structures of [Ge(DMP),]. In the SC-XRD structure, atoms are shown as ellipsoids with 50% probability, and
hydrogen atoms are omitted for clarity. Color scheme: turquoise indicates Ge, grey C, blue N, and white H.

the successful synthesis of the target compound [Ge(DMP), ] with
exceptional spectroscopic purity.

To assess the behavior of [Ge(DMP),] when exposed to air, the
pure compound was placed in open air and monitored over an
extended period. As captured by a series of images (Figure S4),
there was no visible change to the naked eye, and notably, no
pyrophoric reaction occurred. This highlights that [Ge(DMP), is
non-pyrophoric and can be handled safely, which is crucial for
scaling up toward industrial applications.

For direct structure determination, single-crystal X-ray diffrac-
tion (SC-XRD) is essential. However, [Ge(DMP),], being a liquid
with a melting point of approximately —50°C (as observed during
crystallization experiments), made it difficult to obtain suitable
crystals, requiring storage of the compound in dry ice. After
several attempts, we succeeded by using specific crystallization
conditions described in the Experimental Section. Once success-
fully crystallized, SC-XRD revealed a monomeric structure of
[Ge(DMP),] in the solid state with a monoclinic crystal system,
as shown in Figure 2a. Notably, this differs from previously
obtained structures of precursors such as [Al(NPr,),(DMP)] [63,

72], [Zn(DMP),] [65, 73] or [Mg(DMP),] [66] where the DMP
ligand forms a five-membered ring through coordination of the
amine group to the metal center. Instead, with four ligands
surrounding the metal, each DMP ligand is forced to bind only
to the Ge center via its terminal carbon atom, similar to the
structure proposed for [Sn(DMP),] [64]. This further highlight
the structural relationship between the Ge and Sn compounds,
as was inferred from their similar 'H NMR spectra. Conversely,
this implies that [Sn(DMP),] likely adopts a structure very similar
to that of [Ge(DMP),], where four DMP ligands coordinate to
the metal center, resulting in a saturated electronic configuration
that prevents the formation of dative bonds and the characteristic
chelating bonding motif. Additionally, the steric hindrance from
multiple DMP ligands appears to effectively suppress intermolec-
ular interactions, thereby promoting the formation of monomeric
complexes.

Consequently, the Ge center in [Ge(DMP), ] is coordinated by four
atoms, forming a saturated eight-electron complex with a highly
symmetric structure (Figure 2a) where the bond angles vary only
between 107.48 and 110.66 , closely matching the ideal tetrahedral
angle 0f109.5 . This is indicated by 7, [74] as well as 7,” [75] values
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of 0.98, representing an almost ideal tetrahedral coordination
geometry around the Ge. Such high symmetry is beneficial in
reducing intermolecular interactions, explaining the low melting
point of the Ge compound. The structure is further visualized
in Figure S6, which presents an alternative perspective, showing
the coordination tetrahedron around the Ge center. Similarly, the
four Ge—C bonds are almost identical with bond lengths of 1.966
and 1.970 A. An overview of the bond lengths and angles around
the Ge center is provided in Table S2, and crystallographic details
are summarized in Table S3. Interestingly, the bond lengths and
angles are comparable to homoleptic Ge aryl complexes such as
[Ge(Ph),] or [Ge(o-tolyl),] [76], despite the different inductive
effect of the aryl versus alkyl ligands on the Ge—C bond. Similarly,
average Ge—C bond lengths of 1.995 and 2.011 A were recently
reported for Ge(CF;), and Ge(C,F;),, respectively, using in situ
crystallization [77]. Yet, these fluorinated complexes adopt a more
distorted tetrahedral arrangement, which may be explained by
electrostatic repulsion between the fluorine atoms and the altered
polarization of the fluorinated alkyl chains.

To the best of our knowledge, no crystal structures of homoleptic
Ge(IV) complexes with non-fluorinated alkyl ligands have been
reported in the literature so far. This can likely be attributed to
the low melting points around —90°C of Ge(IV) alkyls such as
GeMe, [70, 78-80]. The structure of [Ge(DMP),]-which could
be studied here using advanced crystallization techniques and
careful handling at low temperatures—thus represents the first
reported SC-XRD structure of a non-fluorinated homoleptic
Ge(IV) alkyl species. Similarly, the SC-XRD structure of the
liquid [Sn(DMP),] has not yet been determined, so it is not
possible to compare the crystal structure of [Ge(DMP),] with
the directly related alkyl complexes. The molecular structure of
[Ge(DMP),] was therefore investigated using DFT (Figure 2b).
The Ge center is in an almost perfect tetrahedral arrangement,
with bond angles of 109.47 ° and equal Ge—C bonds with a
length of 1.971 A, which agrees very well with the SC-XRD
structure.

To evaluate whether a heteroleptic Ge complex, where the DMP
ligands are partially replaced with less sterically demanding
ligands, can facilitate the formation of the chelating bonding
motif of DMP, DFT calculations of [Ge(DMP),(NMe,),] and
[Ge(DMP),Cl,] were performed. The heteroleptic complexes
exhibit two possible bonding modes: monodentate binding of
DMP to Ge through the carbon atom or chelation via an addi-
tional dative bond from the nitrogen. The geometry relaxations
indicate that both forms are stable (Figure S7). In the chelated
structure, the Ge atom adopts an octagonal geometry with four
covalent bonds to the carbon of DMP and to Cl or the amide group,
and two coordinating bonds to the nitrogen of DMP. The covalent
Ge—C bonds are nearly the same length in both complexes,
2.011 A for [Ge(DMP),(NMe,),] and 1.988 A for [Ge(DMP),Cl,],
while the dative Ge—N bonds are longer for [Ge(DMP),(NMe,), ]
(2.42 A) compared to [Ge(DMP),CL,] (2.31 A). In the non-
chelated form, the Ge centers adopt slightly distorted tetrahedral
geometries.

The non-chelated Ge—C distances are consistent for both com-
plexes, measuring 1.964 A for [Ge(DMP),(NMe,),] and 1.955 A
for [Ge(DMP),Cl,]. The non-chelated form is more energetically
favorable for the bulkier [Ge(DMP),(NMe,),] complex, with a

stabilization of —183 kJ mol™! compared to the chelated form.
For [Ge(DMP),CL,], the chelated form is slightly more stable
by —14 kJ mol™. These findings support the idea that steric
hindrance plays a significant role in why [Ge(DMP),], with
four bulky ligands, does not chelate, unlike other metal DMP
complexes such as Mg(DMP),, which has only two ligands and
a coordination environment that allows chelation [66].

For further characterization and structural clarification of
[Ge(DMP),], liquid injection field desorption ionization (LIFDI)
MS was conducted. While the [M]* peak was not detected, a
[Ge(DMP),]* fragment (m/z = 332, 100 %) and a smaller signal
that could be assigned to [GeMe(DMP),]|* (m/z = 433, 9.4 %)
were seen with matching isotope patterns, as can be seen in
Figure 3. Because the Ge center in [Ge(DMP),] is saturated
with symmetric, tetrahedral coordination, the extra [CH;]* group
in [GeMe(DMP),|* is naturally attributed to one of the amine
groups. However, it is not possible to determine the structure
of this fragment with certainty based on the available data.
Nevertheless, the observed signals suggest that one DMP ligand
is easily cleaved, partially forming a new species even under
the relatively mild LIFDI ionization conditions. The loss of one
DMP ligand aligns with DFT calculations of the [Ge(DMP);,]
radical. This could be promising for ALD experiments, as the
open coordination site may enhance the precursor’s probability
of chemisorption on the surface. To assess this ligand elimi-
nation in the gas phase, we followed our previous approach
to compute ligand-elimination energies and structures [81, 82].
The calculated energy cost to eliminate the first DMP ligand
as a radical in the gas phase is 313 kJ mol™. Although this
gas-phase ligand-elimination energy is moderately high, ligand
loss can be readily achieved under ALD conditions, thereby
enabling chemisorption on a substrate. Further, the structure of
the [Ge(DMP);,] radical after loss of one ligand was considered
using DFT. Notably, chelation of the three remaining ligands to
the Ge center is not observed. The Ge—C bonds slightly elongate
to 1.981 A, while the C—Ge—C bond angles stay nearly the same
at 109.67 . This confirms the proposed structure of the detected
LIFDI-MS fragment and its ability to enhance chemisorption due
to the open coordination site at the Ge center. At the same time,
LIFDI-MS showed no relevant signals that could suggest at the
presence of dimeric or oligomeric species at higher m/z ratios,
indicating a monomeric nature of [Ge(DMP), ] in the gas phase.

In summary, spectroscopically pure [Ge(DMP), | was synthesized
via a scalable method using a Grignard reagent. SC-XRD and
DFT studies indicate a monomeric structure that supports high
volatility [83]. In its preferred liquid state, the compound shows
promising features for ALD processing.

2.2 | Thermal Evaluation of [Ge(DMP),]

To further assess the suitability of [Ge(DMP),] as a precursor, its
thermal stability was studied using thermogravimetric analysis
(TGA). The TG curve of [Ge(DMP),], recorded at atmospheric
pressure, showed an evaporation onset (1 % mass loss) at 178°C,
followed by a single-step weight loss with no residual mass
(Figure 4a, data summarized in Table S4). These results suggest
that [Ge(DMP),] evaporates completely without decomposing
under the specified measurement conditions. This evaporation
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behavior is similar to that of [Sn(DMP),], which has a lower
onset temperature of 158°C, despite its higher molecular weight
[64]. However, the 1 % mass loss can be affected by the exact
measurement conditions and, therefore, cannot be used as the
sole parameter to assess precursor volatility. The step temperature
(determined by the tangent method using the points of 1 %
mass loss and the steepest mass loss) at 260°C further confirms
the compound’s excellent thermal stability, providing a broad
temperature range suitable for evaporation.

Intrigued by this thermal stability, we examined the compound’s
thermal limits and performed an additional TG analysis at a
higher mass loading and an increased heating rate of 20 K min~!
to expose the compound to higher temperatures before it fully
evaporates [84]. The recorded curve (Figure S8) shows the same

one-step evaporation behavior as the original but, as expected,
is shifted to higher temperatures. Despite exposure to these
elevated temperatures, a residual mass of 0% is reached, and the
step temperature of 304°C clearly demonstrates the exceptional
thermal stability of [Ge(DMP),] on the timescale of the TG
measurement.

To further evaluate the volatilization behavior of [Ge(DMP),], a
stepped isothermal TG was performed between 130°C and 190°C.
Using the Langmuir equation, the vapor pressure of the analyzed
precursor can be estimated for each isothermal setpoint [85,
86]. With the resulting data points, the temperature at which a
vapor pressure of one Torr (T;,,.) is achieved can be determined
from a Clausius-Clapeyron diagram (Figure 4b) [86, 87]. For
[Ge(DMP),], Tz, Was determined to be around 183°C with a
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FIGURE 5 | PEALD process development for GeO, on Si substrates with a schematic representation of the optimized process at the top using
[Ge(DMP),] with an O, plasma in terms of (a) precursor saturation, (b) linearity of the cycle number vs the thickness (both at 150°C) and (c) temperature
dependency of the GPC at plasma times of 500 ms (blue circles) and 50 ms (green triangles).
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corresponding rate of volatilization (r,) of 329 pg min™ cm
Tiror 1S just slightly above the onset of evaporation, meaning
that once a temperature sufficient for volatilization is reached,
the compound already has a significant vapor pressure and
evaporates readily at elevated temperatures. This is evidenced by
the relatively narrow evaporation window and the steep decline
observed in the TG curve.

Notably, the evaporation rates determined for [Ge(DMP),]
are higher than those measured for [Sn(DMP),], which were
obtained through separate static isothermal measurements, e.g.,
65 pg min™' cm™ versus 52 pg min™' cm™ at 150°C (Table
S5). These results indicate that, despite the earlier onset of the
Sn complex, [Ge(DMP),] evaporates more readily at a given
temperature, which correlates with its lower molecular mass and
demonstrates the limited relevance of the 1 % mass loss to judge
the volatility of a potential precursor. Due to the lower molecular
mass of [Ge(DMP), | compared to [Sn(DMP), ], this effect is more
pronounced when the r, is converted to the Molar volatilization
rate (r,,,) (Table S5), which describes the number of molecules
that evaporate from a given surface area. Besides Tz, Vyp 1S
therefore an essential thermal property of an ALD precursor,
because a high number of molecules transported to the substrate
surface is necessary to allow efficient saturation in each ALD
cycle. From the detailed thermal analysis, it can be concluded
that [Ge(DMP),] exhibits a one-step evaporation behavior with
excellent thermal stability and volatilization rates suitable for an
ALD precursor.

2.3 | ALD Process Development and
Compositional Analysis

Based on the promising physico-chemical properties, PEALD
of GeO, was performed using [Ge(DMP),] and O, plasma. To
develop the PEALD process, [Ge(DMP),] was heated to 120°C
with a substrate temperature of 150°C and an initial plasma-
pulse duration of 500 ms. Saturation was reached with a total
precursor pulse duration of 1.6 s (eight consecutive pulses of
0.2 s, separated by 50 ms of vacuum) with a growth per cycle

(GPC) of 0.24 A (Figure 5a). The GPC remained constant with
longer pulses, showing the self-limiting nature of ALD growth.
Compared with the PEALD process using [Sn(DMP), |, which was
developed in the same reactor and under similar conditions but
with a bubbler temperature of 140°C [64], [Ge(DMP), | evaporates
atalower temperature, confirming its previously proposed higher
volatility. Using the optimized pulse/purge sequence (depicted at
the top of Figure 5) with cycle numbers between 250 and 1250,
the thickness was found to increase linearly with the number
of PEALD cycles, as expected for an ideal ALD process. From
the slope of the linear fit (R = 0.999), the GPC was determined
to be 0.24 A, consistent with the initial observation from the
saturation study. The extrapolated linear fit also shows only a
negligible offset, indicating that growth is neither hindered nor
enhanced during the nucleation period. The determined GPC lies
at the lower end of the range reported for ALD of GeO, (Table 1).
However, the short purge times required for the PEALD sequence
enable comparably fast processing. For example, 500 cycles of the
optimized process at 150°C (yielding a film thickness of 12 nm)
are completed in approximately 34 min.

Reducing the plasma pulse duration stepwise from 750 to 50 ms
increased the GPC from 0.23 to 0.30 A (Figure S9a). It could
be presumed that the elevated GPC results from incomplete
combustion of the ligands when short plasma pulses are applied.
This, however, is contradicted by consistently low impurity
levels determined by Rutherford backscattering spectrometry in
combination with nuclear reaction analysis (RBS/NRA), (Table
S6). The composition, in terms of the O/Ge ratio, provides
further insight and shows a correlation with the film density
that is induced by the O, plasma (Figure S9a). For plasma pulses
between 750 and 250 ms, O/Ge ratios of 1.2 to 1.4 were determined,
indicating a significant contribution of sub-valent Ge or Ge®
species and coinciding with higher film densities up to 4.8 gcm =~
exceeding the typical 4.3 g cm™ of hexagonal GeO,. In contrast,
when the plasma pulse was shortened to 100 and 50 ms, the
O/Ge ratio abruptly increased to 2.0, matching the stoichiometric
formula of GeO,. This shows that even a 50 ms plasma pulse is
sufficient to fully oxidize the chemisorbed precursor species to
form stoichiometric GeO,. Under these conditions, the density
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settled at 3.9 g cm™3. As the areal density of Ge atoms detected
by RBS mainly remained unchanged, variations in the O/Ge ratio
primarily originate from changes in O incorporation as a direct
consequence of the O, plasma exposure duration. Thus, it can
be concluded that the plasma dictates different growth modes—
thereby influencing the GPC, oxidation state, and density of the
deposited films.

To further investigate this phenomenon and examine the tem-
perature dependence of the process, two temperature-dependent
studies were conducted with plasma pulse times of 500 and 50 ms,
respectively (Figure 5c). Using 500 ms plasma pulses, variation
of the substrate temperature revealed different growth regimes:
After a constant initial regime from 40°C to 80°C, the GPC
decreased continuously with increasing substrate temperature
until the decline flattened above 200°C. On the other hand,
the initial regime was missing when 50 ms plasma pulses were
employed. Instead, the GPC decreased gradually from 40°C to
200°C and then remained nearly constant up to 240°C. Notably,
even the films deposited at the lowest temperatures showed
no discernible signs of condensation, despite T, being well
below the evaporation temperature of [Ge(DMP),]. This was
similarly observed in the SnO, PEALD process with [Sn(DMP), ]
[64], indicating the capability of both the DMP ligand and
plasma-based ALD processes for low-temperature deposition.

As observed for different plasma pulse lengths, the density of the
deposited layers followed a trend opposite to that of the GPC:
it increased with temperature (Figure S9b,c), while maintain-
ing similar steady-state regimes. While increasing density was
observed in both temperature studies, it was more pronounced
and gradual in the study using 500 ms plasma pulses (3.9 g cm™
at 40°C to 5.2 g cm™ at 240°C). On the other hand, the density
in the 50 ms plasma temperature study was more comparable to
typical density values of other ALD deposited GeO, films [61]
and increased primarily in the temperature regime from 40°C
(3.4 gcm™3) to 80°C (3.9 g cm~3) and then mainly remained con-
stant. For both plasma pulse durations of 500 and 50 ms, the films
deposited at 150°C were found to be amorphous as revealed by
grazing incidence XRD (GI-XRD) with no significant reflections
in the 26 range from 10° to 80° (Figure S10). Here again, the
composition was examined with RBS/NRA, and representative
RBS spectra are shown in Figure 6, clearly displaying the separate
Ge peak as well as the O signal on top of the Si. The complete data
is summarized in Tables S7 and S8. For thin films deposited with
plasma pulses of 500 ms, the O/Ge ratio gradually changed from
approximately 1.3 at 240°C to about 2.1 at 40°C, which is close to
what is expected for GeO,. In contrast, an O/Ge ratio of around
2.0 was observed across the entire temperature range with 50 ms
plasma, indicating the growth of GeO,.

Furthermore, the C and N impurities were consistently low at
or below a few at.%, whereas only the deposition at 40°C with
50 ms plasma pulses showed significantly higher contamination
levels (Tables S7 and S8). A similar trend of increased C and
N with short plasma pulses at a low deposition temperature
was observed for the [Sn(DMP), ] PEALD process. Likewise, this
indicates that a minimum energy input from the plasma and
deposition temperature must be reached to prevent condensation
of precursor molecules and enable clean combustion of the
ligands.

Altogether, plasma and deposition temperature collectively influ-
ence film growth: first, a high energy input from a combination of
high temperature and long plasma pulses facilitates the formation
of suboxide GeO, species with decreased GPC but higher density.
Secondly, a certain energy threshold needs to be reached by a
suitable combination of temperature and plasma to fully enable
clean combustion reactions. Therefore, the appropriate choice of
deposition temperature and plasma pulse duration allows for the
deposition of GeO, or GeO, with readily tunable composition.

The exact mechanism of Ge suboxide formation could not
be experimentally determined within the scope of this study.
However, it is well established that GeO, on Ge(100) surfaces
transforms to GeO at elevated temperatures, with GeO desorp-
tion occurring above 420°C [6, 88, 89]. Despite the different
surface and that the investigated temperatures were higher than
in our PEALD process, the additional energy input from the
plasma might facilitate similar decomposition pathways. This
is underlined by the thermal process reported by Choi et al.,
who employed [Ge(tmhd)Cl] with H,O, as the co-reactant [59].
The authors observed the opposite trend, with the GeO share
decreasing from 11 % at 150°C to 5 % at 350°C. This indicates
that, in our study, the formation of Ge** and Ge species at
higher temperatures is driven by the plasma. This is consistent
with the observation that O/Ge ratios significantly below 2 were
observed only for longer plasma pulses, confirming that plasma
is a crucial parameter that must be precisely controlled, with
the added advantage of enabling tunable material properties.
The influence of plasma is further validated by the findings by
Shin et al. [61], who also reported a lower GPC paired with an
increasing share of GeO at higher temperatures in a PEALD
process using [Ge(NMe,],] with O, plasma and comparable pulse
durations of 600 ms. Nevertheless, the dependence of the O/Ge
ratio on temperature was less pronounced than in our process,
suggesting that, in addition to the exact plasma-source setup,
precursor chemistry also plays a significant role in film formation.

Considering the effect of oxygen plasma on tuning the GeO,
composition, we investigated the formation of oxygen vacancies
in GeO, using DFT calculations. The structure of bulk and
oxygen-vacant GeO, is shown in Figure S11. The formation energy
was calculated using Equation (1), with a reference state in which
a triplet oxygen radical (*0O) interacts with GeO, to release O,,
resulting in GeO,.

AE = (EG‘fmosl +E02) - (EG@15032 +EO) @

The oxygen vacancy formation energy is 0.80 eV relative to
the 30 radical. Although the formation energy is endothermic,
the energy cost is sufficiently low for vacancies to form during
processing. If the plasma process supplies sufficient energy and
oxygen radicals, this will generate oxygen vacancies and modulate
the composition, consistent with the observation that the share
of suboxide GeO, species increases with temperature and plasma
exposure.

During the PEALD process development, the long-term ther-
mal stability of [Ge(DMP),] under operating conditions was
investigated by analyzing the precursor after prolonged use at
a bubbler temperature of 120°C. First, analysis by 'H NMR
spectroscopy revealed no differences in peak positions, splittings,
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FIGURE 6 | RBS plots of GeOy thin films deposited on Si substrates at different temperatures with plasma pulse times of (a) 500 ms and (b) 50 ms.

or integrals, and no peaks indicative of precursor decomposition
were observed (Figure S5). In addition to the spectroscopic purity,
the clean one-step evaporation behavior of pristine [Ge(DMP), |
was also retained, as depicted in Figure S8. Overall, these results
confirm the exceptional short- as well as long-term thermal
stability of the precursor.

2.4 | X-Ray Photoelectron Spectroscopy Analysis

To further investigate the effects of plasma and temperature on
composition and to obtain in-depth insights into the Ge oxidation
states in GeO, thin films, X-ray photoelectron spectroscopy (XPS)
was performed on layers deposited at varying temperatures using
500 and 50 ms plasma pulses. As can be seen from a representative
survey spectrum (Figure S12a), no signal was detected in the
N 1s region, and the minor C 1s signal at 284.8 eV [90] is
completely removed upon Ar*-sputtering. Thus, the detected
carbon can be attributed to adventitious carbon, and the films
are impurity-free. Most interesting is the Ge 3d core level region
as it allows to distinguish between Ge**, Ge**, and Ge® species.
Notably, the sputter step significantly altered the film surface
by completely reducing the Ge*' content to Ge®* and Ge°
(Figure S12b). Consequently, analysis of the films is restricted
to the as-introduced samples shown in Figure 7. The Ge* peak
appears between 32.6 and 32.9 eV, the Ge*" peak between 30.8
and 31.3 eV, and (where detected) the Ge® signal is seen between
29.1 and 29.3 eV. These values are well in line with general
literature and other ALD-deposited GeO, thin films [23, 57, 59,
91], just as for the O—Ge—0O and O—Ge signals from the O 1s
core level (Figure S13) [57, 59]. By comparing the deposition
parameters, it is evident that the share of suboxides increases
primarily with the plasma exposure and secondarily with the
deposition temperature, as listed in Table S9. Here, it should be
noted that the sample deposited at 150°C with 500 ms of plasma
was measured using a different device, resulting in an overall
increase in intensity in the diagram; however, the relative shares
still follow the described trends.

For films deposited with 500 ms plasma, only the sample
deposited at 40°C is completely free of Ge°, while with a reduced

plasma exposure of 50 ms, a minor amount of Ge’ appears
only at 240°C. From the shares of the different Ge species,
the stoichiometry was calculated (Table S9), giving a range
from GeO, 4 (40°C and 150°C with 50 ms plasma) to GeO, ;5
(240°C with 500 ms plasma). The values determined by XPS
follow the same trend as found by RBS/NRA. These findings
confirm the prior assumption that excess plasma exposure is
the main factor contributing to the formation of suboxides,
highlighting the importance of process optimization in PEALD
and providing a convenient means to tune the composition of the
deposited material by combining plasma exposure and deposition
temperature.

To further investigate the stability of the GeO, film and the
effect of temperature on the Ge oxidation states, the sample
deposited at 240°C with 500 ms plasma was annealed at 400°C
for 20 min under ambient conditions. The annealed sample was
subjected to RBS/NRA (Table S7), revealing no change in the
detected Ge areal density but a slight increase in the O areal
density, resulting in a rise in the O/Ge ratio from 1.33 to 1.42.
At the same time, XPS showed a significant reduction of Ge°,
a slight decrease of Ge*', and an increase in Ge** (Figure 7
and Table S9). Therefore, it can be concluded that Ge® and
Ge?* react with O, from the atmosphere to form Ge**, while
desorption of GeO does not occur. Otherwise, the areal density
of Ge measured by RBS would be lower than that of the as-
deposited sample. This is consistent with prior findings that GeO
desorption occurs above 420°C [6, 88, 89] and suggests that the
annealing process proceeds analogously to the thermal oxidation
of Ge. These initial findings are promising, as they demonstrate
the stability of the thin film at elevated temperatures and suggest
that the sub-stoichiometric GeO, films may be fully transformed
to GeO, by employing longer annealing times and/or a pure O,
atmosphere.

2.5 | Optical Thin Film Characterization

To evaluate the effect of different GeO, compositions on the
optical properties of the thin films, samples deposited with 500
and 50 ms plasma pulses at different temperatures on Si substrates
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FIGURE 7 | High-resolution XPS spectra of the Ge 3d core level region of as-deposited GeOy thin films on Si at various temperatures. Samples in
(a) were deposited with 500 ms plasma pulses, and the topmost sample was annealed after deposition for 20 min at 400°C under ambient conditions.

Samples in (b) were deposited with 50 ms plasma pulses.

were investigated using spectroscopic ellipsometry and UV/Vis
measurements. As summarized in Table S10, a clear correlation
between the composition and the refractive index n is observed:
films with O/Ge ratios of approximately 2 have a refractive index
of 1.62-1.65 at a wavelength A of 500 nm, as is expected for
pure GeO, [33]. On the other hand, n increases with the share
of suboxide species in the films deposited with 50 ms plasma
pulses at 240°C (O/Ge = 1.87, n = 1.82) and 500 ms plasma
at 150°C (O/Ge = 1.42, n = 1.98), which is in line with the
higher refractive indices of GeO and Ge [33]. Shin et al. recently
reported a similar trend, where the refractive index increases with
the GeO content in GeO, thin films [61]. Notably, the sample
deposited with 500 ms plasma pulses at 240°C has a refractive
index of 1.66, despite its O/Ge ratio of 1.33. This discrepancy
from the expected trend could not be explained within the
scope of this preliminary optical characterization and requires
verification in more detailed studies. Without this outlier, n
follows a clear trend, demonstrating that the refractive index
can be systematically tuned by adjusting deposition parameters,
consistent with previous findings in the literature [33].

Total reflectance UV/Vis measurements (Figure 8) show
reflectance values of 90% or higher for samples with compositions
close to GeO, at longer wavelengths, consistent with the UWBG
of GeO, and thus its transparency to low-energy light. The
thin films deposited with 500 ms plasma pulses at 150°C and
240°C, however, exhibit lower reflectance values, which can be
attributed to the increased proportion of suboxide species. At
around 371 nm, the reflectance of all samples begins to decrease.
Particularly, the samples deposited at 40°C show sub-band
features at 307 and 242 nm, which are significantly decreased
in the samples deposited at 150°C and 240°C. These might be
explained by defect states that occur in the GeO, structure at
lower deposition temperatures.

Overall, the initial optical characterization reveals promising
ways to tune the refractive index and reflectance behavior of
GeO, thin films in the UV and visible ranges. Controlling the
deposition temperature and plasma pulse duration thus allows

Photon energy (eV)
654 3 2
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50 ms plasma, 240°C
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= 0 ,‘ // 50 ms plasma, 150 °C
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FIGURE 8 | Total reflectance spectra of GeOy thin films deposited on
Si substrates at different temperatures with plasma pulse times of 500 ms
(solid lines) and 50 ms (dashed lines). A bare Si substrate was used as a
reference. Vertical, dashed red lines mark notable features.

for the growth of thin films with optical properties tailored to the
intended application.

2.6 | Morphological Thin Film Characterization
and GeO, Nucleation Studies

The surface morphology and roughness of the deposited GeO,
film were analyzed by atomic force microscopy (AFM). To assess
the effect of process parameters on surface characteristics, films
deposited at 40°C, 150°C, and 240°C, each with plasma pulse
durations of 500 and 50 ms, were analyzed. The corresponding
AFM images are presented in Figure 9, revealing a highly smooth
and homogeneous surface with root-mean-square roughness
(Rgus) values ranging from 0.30 to 0.19 nm, which is comparable
to that of the underlying Si substrate.

10 of 18

Small, 2026

85UB017 SUOLULLIOD BAIERID 3ol |dde au3 Aq pauRAB 818 SS e VO ‘3N 4O S3|NI 0} ARIq1T BUIUO AB|IA UO (SUORIPUOD-pUR-SWRYLIOD A8 | 1M AReAq | BU1|UO//SANY) SUORIPUOD PUe swis | 8y} 83S *[9202/c0/40] Uo Ariqiauliuo ABIMm ‘g | ioyureld Aq 286TTSZ0 1ILUS/200T OT/I0p/Loo 3| Im Azeiq iUl |uo//Sdny wouy papeo|umod ‘0 ‘6289€TIT



40 °C, 500 ms plasma

0.0pum 0.2 0.4 0.6 0.8

40 °C, 50 ms plasma

0.0pm 0.2 0.4 0.6 0.8 00um 0.2 0.4

FIGURE 9 |

150 °C, 500 ms plasma

0.6

150 °C, 50 ms plasma

0.6

240 °C, 500 ms plasma

0.8 0.0pum 0.2 0.4 0.6 0.8

3.00 nm
2.80
2.60
2.40
2.20
2.00
240 °C, 50 ms plasma 1§2
0.8 1.40
1.20
1.00
0.80
0.60
0.40
0.20
0.00

0.8 00um 0.2 0.4 0.6

AFM images of GeO, deposited on Si with plasma times of 500 ms (top row) and 50 ms (bottom row), each at temperatures of 40°C,

150°C, and 240°C (from left to right). Each sample was deposited with 500 cycles of the optimized PEALD process.

TABLE 2 | AFM dataof GeO, thin films deposited on Si. Each sample
was deposited with 500 cycles of the optimized PEALD process.

Plasma Temperature Thickness

[ms] [°Cl [nm] Rgys [nm]
500 40 23.7 0.292
500 150 13.8 0.303
500 240 52 0.258

50 40 27.7 0.214

50 150 14.9 0.187

50 240 9.1 0.195

As shown in Table 2, there is a slight trend toward decreased
roughness at elevated temperatures, likely due to enhanced
surface diffusion of precursor molecules during film growth.
More notably, the plasma pulse duration significantly affects
roughness: samples deposited with 500 ms pulses exhibit grainier
surfaces with larger surface features than those processed with
50 ms pulses, which appear smoother. This trend is also reflected
in the Ry, values, which are consistently lower for the short
plasma-pulse samples across all temperatures.

This may be explained by reduced interactions between plasma
ions and radicals and the film surface when shorter plasma
pulses are employed, thereby promoting smoother film growth.
This interpretation is consistent with the observation that longer

plasma pulses facilitate the formation of sub-stoichiometric
GeO, species. Consequently, shorter plasma durations reduce
plasma-induced surface modifications.

Importantly, no direct correlation between film thickness
and surface roughness was observed, demonstrating ALD’s
ability to produce highly smooth layers regardless of film
thickness. Moreover, these findings are promising for the
prospective development of 2D germania and its use as a
membrane material, where a precise control over the film growth
and morphology is essential. Overall, these observations
highlight the necessity of carefully evaluating PEALD
process parameters to optimize and tailor thin film surface
properties.

The influence of deposition temperature on the film’s microstruc-
ture and interface was further evaluated by high-resolution trans-
mission electron microscopy (HRTEM). Cross-sectional images
of samples deposited with 50 ms plasma pulses at 40°C, 150°C,
and 240°C reveal a decreasing film thickness with deposition
temperature, analogously to the decreasing GPC (Figure 10). Yet
all layers are closed and uniform, with a well-defined interface to
the native oxide of the underlying Si substrate. The TEM images
confirm an amorphous structure, as evidenced by the absence of
crystalline orientation contrast, indicating the absence of grain
boundaries.

In the context of dielectric layers, it would be highly interesting
to deposit GeO, on etched Si or particularly Ge substrates. This
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FIGURE 10 | HRTEM images of GeO, thin films deposited with 500 cycles and 50 ms plasma durations at (a) 40°C, (b) 150°C, and (c) 240°C.

would enable direct evaluation of interface formation and stabil-
ity on the semiconducting material and thereby provide informa-
tion on the potential of the grown GeO, as an insulating dielectric
layer for Ge-based high-power electronics. Such an investigation
is, however, exceeding the scope of the present study.

Silica and analogous bilayer structures are commonly fabricated
on noble metal substrates, and Au in particular has emerged as
a viable option for ALD deposition [45, 92]. As a step toward
the fabrication of freestanding bilayer germania by PEALD, the
nucleation behavior of the GeO, process was therefore studied
by in situ quartz-crystal microbalance (QCM) analysis using an
Au-coated quartz crystal. The QCM data recorded during the
initial PEALD cycles with the optimized sequence and 500 ms
plasma exposures at 150°C reveal an initial delay of three cycles,
upon which the growth starts and proceeds linearly (Figure S14).
This confirms deposition in an ALD-typical growth mode on
the inert Au surface, following a minimal nucleation period and
thus demonstrates the possibility of growth on a noble metal, as
required for the formation of the bilayer structure [39, 44].

The first step in GeO, deposition, namely the chemisorption
of the [Ge(DMP),] precursor, was investigated using DFT cal-
culations on a hydrogen-terminated Si(100) surface. The intact
[Ge(DMP),] weakly physisorbs to the surface, with a computed
adsorption energy of —0.53 eV (—0.03 eV without vdW inter-
actions). The significantly larger adsorption energy with vdW
corrections confirms that the adsorption is driven primarily by
non-covalent interactions. Both the precursor and the surface
show no visible geometric change after physisorption, with the
molecule hovering approximately 2.0 A above the surface, as
shown in Figure 1la. Chemisorption was modelled by ligand
elimination via surface hydrogen transfer to the DMP ligand.
This reaction is exothermic, with an overall energy gain of
—1.33 eV (-0.27 eV without vdW interactions), indicating that
the precursor’s adsorption and ligand elimination are favorable.
After the ligand elimination, the remaining [Ge(DMP),] binds
to the surface Si with a Ge—Si bond of 2.5 A (Figure 11b). The
detached hydrogenated DMP ligand migrates away and remains
weakly adsorbed at the surface. The surface undergoes a slight
rearrangement with the binding Si atom migrating 0.2 A outward
from the surface plane. Altogether, these results demonstrate
the favorable chemisorption process and are in line with the
[Ge(DMP);|* species detected in LIFDI-MS.

As proof of principle, we attempted to deposit ultrathin GeO,
films on Si substrates using eight PEALD cycles at 40°C and
240°C. To obtain stoichiometric GeO,, the shorter plasma pulses
of 50 ms were employed. Cross-sectional HRTEM revealed the
formation of closed and uniform films with thicknesses of 1.0 nm
at 40°C and 0.7 nm at 240°C (Figure S15). Such a rapid and
complete nucleation process, achieved with few PEALD cycles,
is essential for large-scale fabrication of the bilayer structure
without pinholes or 3D contributions.

3 | Conclusions

We have established [Ge(DMP),] as a Ge(IV) ALD precursor
that meets all prerequisites (high-purity liquid, volatile, excep-
tional thermal stability, yet reactive and non-pyrophoric) and is
scalable. SC-XRD confirms a monomeric structure with mon-
odentate DMP ligands and, to our knowledge, constitutes the
first structure of a homoleptic, non-fluorinated Ge(IV) alkyl
complex reported. The coordination environment was addition-
ally evaluated through DFT calculations. Consistent with mass
spectrometric analysis, a viable chemisorption route based on the
loss of one DMP ligand is proposed.

PEALD with [Ge(DMP),] and oxygen plasma as the co-reactant
produces GeO, and GeO, with adjustable composition. The ALD-
defining self-limiting deposition is achieved with a linear growth
of 0.24 A per cycle at 150°C, and the reactive precursor allows
deposition from 240°C down to 40°C. Notably, the composition
of the thin films can be readily controlled by changing the
deposition temperature and plasma pulse duration: 50 ms plasma
pulses consistently produce GeO, across the temperature range,
while 500 ms pulses result in GeO, with x gradually decreas-
ing from approximately 2.1 to about 1.3 as the temperature is
increased. Controlling the composition and tuning its optical
properties enables the fabrication of GeO, with precisely tailored
characteristics to meet device requirements. Future research will
also examine how GeO, composition influences the electrical
properties of these thin films.

Regardless of composition, the films are pure and uniform,
featuring a smooth surface and a well-defined interface with
the substrate, meeting specifications for potential microelectronic
and optical applications. In situ QCM and initial downscaling
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FIGURE 11 | Relaxed DFT structures of (a) physisorption of [Ge(DMP),] on hydrogen-terminated Si, and (b) chemisorption of [Ge(DMP);] after
ligand exchange between precursor and surface, with the detached ligand physisorbed. Grey atoms are C, larger turquoise spheres are Ge, white are H,

blue are N, and yellow are Si.

experiments show rapid nucleation on Si and Au surfaces,
resulting in closed films with sub-nm thicknesses. Coupled with
the moderate GPC, this offers precise thickness control and
provides a promising foundation for exploring 2D germania as a
new membrane material through large-scale PEALD fabrication.
Finally, DFT suggests the feasibility of heteroleptic [Ge(DMP),]
variants with tuned coordination environments, offering a path-
way to developing advanced Ge precursors with customized
physico-chemical properties.

4 | Experimental Section
4.1 | General Synthesis Procedure

Handling of air- and moisture-sensitive compounds was carried
out in a glovebox (MBraun). All syntheses were conducted
in dried and degassed glassware under an argon atmosphere
(AirLiquide, 99.995 %) using conventional Schlenk techniques.
Solvents were purified and dried using an MBraun-SPS-800
purification system. GeCl, (99.9999 %, metal basis) was purchased
from Fisher Scientific and used as received without further
purification.

4.2 | Synthesis of
Tetrakis-[3-(N,N-dimethylamino)-propyl]
Germanium(IV) [Ge(DMP),]

[Ge(DMP),] was synthesized in multigram batches by dissolving
GeCl, (25.03 g, 60 mmol) in toluene in an ice bath and slowly
adding it to a solution of the Grignard reagent [(DMP)MgCl]
in THF (freshly prepared according to a literature procedure)
[66] at —78°C under rigorous stirring. The resulting slurry was
allowed to warm up to room temperature inside the cooling bath
under continuous stirring for 12 h. After removal of the solvents,
the crude product was extracted with hexane, and insoluble by-
products were filtered off using a cannula fitted with a glass fiber
filter. The solvent from the filtrate was removed under reduced
pressure, and the crude product was purified by distillation at
100°C and 5 x 1073 mbar, yielding a clear, colorless liquid (16.2 g,
62%). 'H NMR (400 MHz, benzene-d;, 25°C): § (ppm) = 2.24

(t,J = 7. Hz, 8H, N—CH,), 2.15 (s, 24H, N—(CH,),), 1.63 (m,
8H, Ge—CH,CH,) —0.06 (m, 8H, Ge—CH,). ®C NMR (75 MHz,
benzene-dg, 25°C): § (ppm) = 63.53 (4C, N-CH,), 45.69 (8C,
N—(CH,),), 23.98 (4C, Ge—CH,CH,), 10.66 (4C, Ge—CH,). EA
Calc. (%): C 57.57, H 11.60, N 13.43, Ge 17.41; Found (%): C 57.42,
H 11.64, N 13.44, Ge 17.32. LIFDI-MS (m/z): [Ge(DMP),]*: calc.
332.21, found 332.15.

4.3 | Precursor Characterization

Storage and sample preparation of [Ge(DMP),] were carried
out in an argon-filled glove box (MBraun LM 100). Deuterated
benzene-d; purchased from Millipore for NMR experiments was
degassed before use and stored over 4 A molecular sieve. All NMR
spectra were recorded on a Bruker Avance I11 400 HD instrument
and referenced to the internal solvent signal (C¢Ds;H) and ana-
lyzed with the software MestReNova v14.2.1-27684 from Mestrelab
Research S.L. EA of C, H, N, and Ge was conducted by MikroLab
Kolbe (Oberhausen, Germany) with a double determination of
each element under inert conditions using combustion additives.
LIFDI-MS measurements were performed using a Jeol AccuTOF
GCv spectrometer (Freising, Germany), equipped with a LIFDI
source from Linden CMS (Weyhe, Germany). TGA and stepped
isothermal TGA were conducted on a Hitachi NEXTA STA200
in the temperature range 30°C-550°C. The TG experiments were
conducted under a nitrogen atmosphere with standard sample
sizes of ~10-20 mg, a heating rate of 5 K min™! or 20 K min™,
and a nitrogen flow rate (AirLiquide, 99.999 %) of 200 mL min~'.
For the stepped isothermal TG experiment, the temperature
was increased stepwise by 10°C, with the heating rate set to
40°C min™! and held constant for 10 min at each step. A linear
fit of mass loss determined the respective evaporation rates of
each step under consideration of the surface area of the crucible.
Single crystals of [Ge(DMP),] were obtained by diluting 0.5 mL
of the liquid compound with 1 mL of Et,O in a Schlenk flask
and storing the mixture in dry ice for several days until colorless
crystals formed. Throughout the operation, continuous cooling
of the crystals was crucial to prevent melting, which occurred
rapidly upon warming above the temperature of dry ice. Under
constant dry ice cooling, the solvent was removed using a syringe,
and the crystals were covered with X-Temp oil inside the Schlenk
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flask. Using an X-Temp 2 cryostat with a nitrogen stream set to
—65°C to ensure cooling, a suitable crystal was selected under a
microscope and mounted on an XtaLAB Synergy, Dualflex, HyPix
diffractometer. To transfer the crystal from the microscope to the
diffractometer, it was submerged in liquid nitrogen, and during
data collection, the crystal was maintained in a nitrogen stream at
—170°C. Using Olex2 [93], the structure was solved with SHELXT
[94] using Intrinsic Phasing and refined with SHELXL [95] using
Least-Squares minimization.

4.4 | Thin Film Deposition

PEALD depositions were performed in a custom-built stainless-
steel reactor (modular flow). The reactor chamber consists of a
square chamber (20 cm X 20 cm X 20 cm) with a viewport and
perpendicular top-flow (shower-head) geometry for precursor
and gas delivery, and a single-wafer (2-inch) grounded substrate
holder located between the antennas. A direct electron cyclotron
wave resonance (ECWR) O, plasma was generated by a radio
frequency generator (13.56 MHz) and an active magnetic flux
density of 2.8 mT using a matching network with a plasma
power of 100 - 300 W in the pressure range of 1072-10~3 mbar
[96]. [Ge(DMP),] was filled into stainless-steel cartridges and
heated to 120°C. The plasma power was adjusted to 200 W,
whereas oxygen (Air Liquide, 99.995 %) and argon (Air Lig-
uide, 99.995 %) gas flows were adjusted to 15 sccm for all
depositions. CZ-Si(100) p-type wafers (MicroChemicals) with
native oxide (SiO, ~2 nm) served as substrates for PEALD
depositions and process optimization. The wafers were cleaned
of dust using pressurized argon. Prior to QCM measurements
and depositions on Au/mica substrates, the substrates were
exposed to ten 150 ms O, plasma pulses, separated by 850 ms
of vacuum at the desired deposition temperature. Afterward, the
PEALD process was performed with the optimized pulse/purge
scheme and plasma durations of 500 ms or 50 ms (Figure 5,
top).

4.5 | Thin Film Characterization

In situ QCM experiments were conducted using Au-coated AT-
cut quartz crystals (f,,, = 6 MHz). The crystal holder was
custom-built and connected to an SO-100 Oscillator and an SQM-
160 thin film deposition monitor (JCM, Inficon). The thickness
and density of GeO, films were determined by X-ray reflectometry
(XRR; Bruker D8 Discover XRD) with Cu-K, radiation (1 =
1.5418 A) in ®-20 locked coupled mode. 20 was increased from
0.1° to 3° with a step size of 0.01° and a scan speed of 1 s.
The composition of selected thin films on Si(100) substrates
was determined using two ion-beam analytical methods at the
4 MV tandem accelerator facility RUBION at Ruhr University
Bochum, with an incident tilt angle of 7°. RBS measurements
were performed with a *He" ion beam of 2.0 MeV (intensity
40 - 50 nA), allowing a good quantification of the higher Z
elements (here Ge). For the determination of O content and with
high sensitivity to C, and N contaminations, nuclear reaction
analysis (NRA) was performed using an ion beam of 1.0 MeV
deuterons. For RBS measurements, a silicon detector was used
for the backscattered He-nuclei at an angle of 160°, while for NRA,
the detection angle for the emitted protons was 135°. The SIMNRA

program [97] was employed for RBS and NRA raw data processing
and analysis.

XPS studies were carried out on a PHI 5600 instrument for the
sample deposited with 500 ms plasma exposure at 150°C and on a
PHI 5000 VersaProbe II instrument for all other samples, utilizing
Al-K, photon radiation (1486.6 eV). GeO, thin-film samples were
analyzed using a combination of survey and core-level scans to
identify peaks of interest. Step widths were adjusted to 0.5 eV for
each survey scan and 0.05 eV for the core level scans. Hereby,
the pass energies were adjusted to 187.5 and 23.5 eV (29.5 eV
for the PHI 5600 instrument), respectively. All binding energies
of Ge 3d and O 1s were referenced to the signal of adventitious
carbon species (284.8 eV) [90]. The analysis chamber pressure
was maintained at <10~ mbar. Recordings were taken of the as-
introduced surface followed by scans after an Art*-sputter step
(2 min, 3 kV, 2 x 2). The sputter step significantly altered the
Ge oxidation states; therefore, chemical species analysis was
limited to the as-introduced surfaces. The deconvolution analysis
was performed using Shirley background subtraction and Gaus-
sian functions in Casa XPS [98]. The refractive index of GeO,
films was measured by spectroscopic ellipsometry using an M-
2000V ellipsometer from J.A. Woollam, Inc. (370-1000 nm). Total
reflectance UV/vis spectra of GeO, thin films were measured
using a Shimadzu UV-3600i Plus spectrophotometer with a bare
Si(100) substrate with native oxide as a reference. AFM measure-
ments of selected samples were conducted using a Dimension
Icon (Bruker) in tapping mode, with a TESPA-V2 cantilever,
inside an antivibration box. A line-scan rate of 1 Hz with a
1024 x 1024 pixel resolution was used for measurements, with
a scan range of 1 um X 1 um. Recorded images were processed
with Nanoscope Analysis 1.8 (Bruker) software, applying line
centering by tilt and bow correction where necessary before
calculating the roughness parameters. TEM was performed on a
Tecnai F30 (FEI) operated at 300 kV, equipped with a high-angle
annular dark-field (HAADF) detector for scanning imaging and
an energy-dispersive X-ray spectrometer (EDXS) (TEAM Octane
T Optima EDS windowless, Edax/Ametek). Cross-sectional spec-
imens were prepared for TEM using a dual-beam focused ion
beam (FIB) microscope (Helios 5 CX, TFS) operated at 30 kV.
As a final specimen preparation step 5 kV ion beam cleaning
was applied to the TEM sample to reduce damage by the FIB
process. Cross-sectional images of the specimens were obtained
using bright-field, high-resolution TEM.

4.6 | Density Functional Theory Calculations

Non-periodic DFT calculations were performed using the TUR-
BOMOLE software suite [99, 100]. The hybrid functional PBEO
was used as the exchange-correlation functional, mixing the 0.25
exact Hartree-Fock exchange with 0.75 PBE exchange and full
PBE correlation, with the m3 integration grid [101, 102]. The
polarized triple zeta valence basis set def2-TZVP was used for
all atoms [103, 104]. Geometry optimizations were performed
using internal redundant coordinates. The convergence criteria
for the electronic SCF cycles were set to 10° Ha and the
convergence criteria for the geometry optimization were set to the
energy gradient less than 1073, [Ge(DMP),] was in a closed-shell
singlet configuration, while [Ge(DMP),] and the isolated DMP
ligand were in doublet states. The ligand elimination energy was
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calculated using Equation (2).

AgimE = Egeomp), T Epvr — Ecemp), (2)

The Vienna Ab initio Simulation Package (VASP) was used for
periodic DFT calculations [105-107]. The generalized gradient
approximation exchange-correlation functional form Perdew,
Burke, and Ernzerhof (PBE), was used together with Grimme’s
D3 dispersion correction [101, 108]. Projector augmented wave
potentials were used to treat core electrons, and plane waves
with a cutoff energy of 550 eV were used for valence electrons
[109]. The valence electron configurations used were 2s*2p? for C,
3d'°4s%4p? for Ge, 1s' for H, 2s?2p® for N, 3s?3p? for Si, and 2s?2p*
for N. All calculations had a Gaussian smearing with a width
of 0.1. Oxygen vacancies were calculated using spin-polarized
calculations with an unrestricted spin, while adsorption assumed
non-spin polarization. The convergence criteria were 10~ eV for
the electronic cycles and 0.02 eV A~ for the ionic relaxation.

A 2 x2x2supercell of rutile GeO,, with composition Ge,;O, and
the DFT relaxed cell parameters a =b = 9.03 A, c=25.82 A, and
a = f3 =y =90°. For the oxygen vacancy, one oxygen atom was
removed from the cell structure. A 3 X 3 X 4 Monkhorst-Pack k-
point grid was used for bulk calculations [110]. For the adsorption
calculations, a surface slab of Si was cut along the (100) direction
of diamond-structured bulk Si, yielding 8 Si layers. The slab was
padded with 15 A of vacuum and a 5 x 5 x 2 supercell for the
precursor adsorption calculations. The top and bottom of the slab
were passivated by one H atom per surface Si atom and relaxed
into a (2 x 1) surface reconstruction.
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