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Dissociative ionization and electron beam induced deposition of 
Tetrakis(dimethylamino)silane, a precursor for silicon nitride 
deposition  
Po-Yuan Shih,*a,c Reza Tafrishi,*b Maicol Cipriani,b Christian Felix Hermanns,a Jens Oster, a Armin 
Gölzhäuser,c Klaus Edinger a and Oddur Ingólfsson **b 

Motivated by the use of tetrakis(dimethylamino)silane (TKDMAS) to produce silicon nitride-based deposits and its 
potential as a precursor for Focused Electron Beam Induced Deposition (FEBID), we have studied its reactivity towards low 
energy electrons in the gas phase and the composition of its deposits created by FEBID. While no negative ion formation 
was observed through dissociative electron attachment (DEA), significant fragmentation was observed in dissociative 
ionization (DI). Appearance energies (AEs) of fragments formed in DI were measured and are compared to the respective 
threshold energies calculated at the DFT and coupled cluster (CC) levels of theory. The average carbon and nitrogen loss 
per DI incident is calculated and compared to its deposit composition in FEBID. We find that hydrogen transfer reactions 
and new bond formations play a significant role in the DI of TKDMAS. Surprisingly, a significantly lower nitrogen content is 
observed in the deposits than is to be expected from the DI experiments. Furthermore, a post treatment protocol using 
water vapour during electron exposure was developed to remove the unwanted carbon content of FEBIDs created from 
TKDMAS. For comparison, these were also applied to FEBID deposits formed with tetraethyl orthosilicate (TEOS). In 
contrast, effective carbon removal was achieved in post treatment of TKDMAS. This approach only marginally affected the 
composition of deposits made with TEOS. 

  

Introduction  
Silicon nitride (SiNx) thin films are dielectric materials that play an 
important role in the semiconductor industry. By varying the 
Silicon/Nitrogen composition or deposition methods, such films can 
serve as passivation layers in device packaging,1,2 insulators of 
interconnects in Back End of Line (BEOL),3 gate spacers for high 
mobility channel transistor fabrication4 and more.5 Silicon 
oxynitrides (SiOxNy) are also essential materials in the 
semiconductor industry6 as a dielectric layer and for integrated 
optics and waveguides.7 

Currently, the leading thin film deposition techniques, besides 
plasma-based processing, are chemical vapour deposition (CVD)8 
and atomic layer deposition (ALD).8,9 Correspondingly, gas phase 
precursors are adapted for the intended deposit and the applied 

method. Focused electron beam induced deposition (FEBID)10–13 is 
an alternative deposition approach suited for a single step layer 
deposition of well-defined spatial dimensions in the nm-regime as 
well as for the deposition of three-dimensional nanostructures.14 
From the fundamental physical and chemical point of view, the 
main difference between these approaches is that CVD (and 
thermal ALD) are thermally driven processes, while FEBID is 
electron driven. Tetrakis(dimethylamino)silane (TKDMAS) was 
initially introduced as a CVD precursor,15 shows promising 
characteristics such as high deposition rate and low temperature 
requirements and has also been shown to perform well in ALD.16  

Unlike the thermally driven CVD, FEBID attracts the spotlights from 
industry17 due to its low temperature, single step, and mask-free 
patterning capability. In FEBID, a high energy focused electron 
beam is directed at a substrate’s surface in the presence of a 
continuous supply of precursor gas. The set-up is commonly a 
scanning electron microscope (SEM) with an additional gas injection 
systems (GIS)13,18–20 coupled to a fine capillary for precursor delivery 
near to the electron beam impact side. The precursor molecules 
decompose under the focal area of the primary beam, but also 
outside that area within the extent of the back-scattered electrons 
(or scattered electrons in general when 3-D deposits are 
generated). The deposit then forms from the non-volatile fragments 
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while the volatiles are pumped away. In this decomposition 
process, secondary electrons generated through the primary and 
scattered electrons are generated and play a determining role.21,22 
The energy distribution of these secondary electrons generally 
peaks around or below 10 eV and is appreciable close to 0 eV.23,24 
Towards higher energies, it falls fairly rapidly but has a long tail. 
Somewhat arbitrarily, the SEs are defined as low energy electrons in 
the energy range from 0 - 50 eV or 0 - 100 eV. Notwithstanding, the 
decomposition processes of the precursor, subjected to these 
electrons, can be categorized into four distinct mechanisms; 
dissociative ionization (DI), dissociative electron attachment (DEA), 
neutral dissociation (ND), and dipolar dissociation (DD)25. These are 
distinctly different processes, with different energy dependence 
and, most importantly, different product (fragment) formation 
leading to different fragment composition and reactivity. The extent 
of the individual processes is thus expected to critically influence 
the deposition process and the composition of the deposit in FEBID. 

Considering the expectation of broader applications being fulfilled 
by expanding the deposition methods of SiNX and SiNxOy, we are 
interested in searching for precursor candidates and design paths 
for FEBID and thus exploring the extent and nature of low energy 
electron induced decomposition of such precursors. In that context, 
we have studied the reactivity of TKDMAS concerning dissociative 
electron attachment and dissociative ionization in the gas phase 
under single collision conditions and the elemental composition of 
deposits made in FEBID of this precursor as well as ex-situ post 
deposition purification through electron irradiation in the presence 
of water. For comparison, the same post-deposition protocol was 
applied to Tetraethylorthosilicate (TEOS), a silicon-based precursor 
used for deposition of glue layers for adhesion of low-k material in 
the wafer production26,27 -a precursor that has been used in CVD28–

30 as well as in FEBID.31,32 

While DI is an efficient process, we did not detect any DEA products 
from TKDMAS within the sensitivity of our instrument. Here we thus 
focus on the DI process. We have determined the experimental 
appearance energies for the main fragments formed, and to aid our 
interpretation of the DI processes, we have calculated the 
respective threshold energies at the DFT and the coupled cluster 
level of theory. Further, the average carbon and nitrogen loss per 
incident is calculated by taking the sum of all the main fragment 
contributions, weighted by the respective carbon and nitrogen 
losses, and dividing that by the total intensity of all fragmentation 
events. This average carbon and nitrogen loss is compared to the 
elemental composition of FEBID deposits as determined by energy-
dispersive x-ray (EDX) spectroscopy and further discussed in context 
to the composition change observed in post-deposition electron 
exposure in the presence of water. 

Methods 
Gas phase studies 

Mass spectra and ion yields of TKDMAS were studied with an 
electron-molecule crossed beam setup described in detail 
previously.33 Here, only a brief description of the experiments will 
be given. The instrument is under a high vacuum with the base 
pressure in the range of 10−8 mbar. It consists of a trochoidal 
electron monochromator (TEM), gas inlet system equipped with a 
leak valve, and a quadrupole mass spectrometer (Hiden EPIC1000). 
A quasi mono-energetic beam is generated with the trochoidal 
electron monochromator and crosses an effusive molecular beam in 
the interaction area that is defined by the extraction optics of the 
mass spectrometer. The ions formed are extracted in a week 
electric field and focused into the QMS. Both positive and 
negatively charged ions can be monitored by changing the polarity 
of the respective electric optics. During experiments, an effusive 
beam of TKDMAS was evaporated to the reaction zone at room 
temperature, and during measurements, the pressure was kept 
constant at approximately 1 x 10-6 mbar using the leak valve. To 
avoid deposition of the target gas on the electrical lens 
components, the monochromator is kept at 120 °C using two 
halogen lamps. Mass spectra are recorded at fixed electron 
energies by scanning through the relevant m/z range, and ion yield 
curves are recorded at fixed m/z by scanning through the relevant 
energy range. 

For positive ion yields, the electron energy was calibrated using the 
onset of the Ar+ signal from Ar, and for determination of the 
appearance energies (AEs), the onsets of the ion yields were fitted 
with a Wannier type function of the form: 

E ≤ AE, f(x) = b 

E > AE, f(x) = b + a (E - AE) d 

Here, E refers to the energy of the incident electrons, AE refers to 
the appearance energy, b is a constant accounting for the 
background signal, a is a scaling coefficient, and d is an exponential 
factor. The ion yield curves for each fragment were obtained from 
the average of multiple scans recorded on different days. The 
standard deviations of the fitted averaged scans were found to be 
between 0.2 eV - 0.4 eV. 

Deposition and EDX analysis 

Focused electron beam induced deposition and energy-dispersive 
X-ray analyses were performed with a Zeiss photomask repair tool 
MeRiT® and an Oxford Instruments EDX detector integrated Zeiss 
Crossbeam system, respectively. FEBIDs and EDX analysis were 
carried out at room temperature. The substrate was a 4 inch-silicon 
wafer coated with a 100 nm thick polycrystalline gold film 
purchased from Georg Albert PVD. It was chosen because the EDX 
peak of Au is distinguishable from the Si, N, and C deposits.  
Measurements were carried out at 5 keV primary beam energy. For 
the FEBIDs presented here, an electron dose of 2.51 × 1014 e-/cm2 
and 3.94 × 1014 e-/cm2 was applied on a scanning area of 1 μm2 

using the precursor TKDMAS and tetraethyl orthosilicate (TEOS), 
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respectively. SEM images were obtained from a Zeiss photomask 
repair tool MeRiT®, and the topographic images were obtained 
from a Brucker AFM tool Dimension Icon®. A typical preparation 
and analysis cycle included initial FEBID in a MeRiT® instrument and 
transfer for AFM and EDX measurements. SEM imaging and post 
deposition purification was then conducted in a second MeRiT® 
instrument before post deposition purification transfer for AFM and 
EDX measurements. Reproducible results were obtained for several 
repeats. Tetrakis(dimethylamino)silane (TKDMAS) was purchased 
from Gelest, USA, with stated purity of 99% for both deposition and 
gas phase experiments. Tetraethyl orthosilicate (TEOS) was 
purchased from Merck, Germany. Both were used as delivered 
without further purification. 

Quantum chemical calculations  

All calculations were performed using the ab initio quantum 
chemistry program package ORCA.34 Geometry optimizations were 
carried out with density functional theory (DFT) using PBE0,35 a 
hybrid general gradient approximation (GGA) based on the Perdew–
Burke-Ernzerhof (PBE) functional. The basis set used was the 
valence triple-zeta polarization basis set def2-TZVP.36 In addition, 
the D3(BJ) dispersion correction by Grimme et al.37 was included. 
We used the restricted Kohn-Sham (RKS) formalism for closed-shell 
systems and the unrestricted (UKS) for open-shell systems. 
Harmonic vibrational frequencies were calculated at the same level 
of theory and were confirmed to be positive. They were then used 
to derive the zero-point energies and the thermal energy 
corrections at 298 K for the neutral parent molecule and all the 
fragments. Coupled cluster calculations were performed on 
optimized geometries using domain-based local pair natural orbitals 
with single, double, and perturbative triple excitations, DLPNO-
CCSD(T).38–40 This was done with a tight PNO setting, using DZ/TZ 
extrapolation with the split valence polarization basis set def2-
SVP36, the valence triple-zeta polarization basis set def2-TZVP, and 
the auxiliary valence quadruple-zeta basis set with two sets of 
polarization functions, def2-QZVPP/C.41 

All threshold calculations, both at the DFT and DLPNO-CCSD(T) level 
of theory, were carried out using the single point energies of the 
relaxed structures and were obtained by subtracting the total 
energy of all fragments formed in the respective processes from the 
total energy of the parent molecule. In all cases, the respective 
ZPVEs and thermal energy corrections were included. 

Results and discussion 
Figure 1a shows a positive ion mass spectrum resulting from 50 eV 
electron impact ionization and dissociation of TKDMAS under single 
collision conditions in the gas phase. The mass spectrum is recorded 
in the m/z range from about 10 to 210 and is characterized by a 
significant contribution from the parent ion and the loss of 1, 2, and 
3 neutral N(CH3)2 units. These appear at the m/z ratios 204; 
Si(N(CH3)2)4+, 160; Si(N(CH3)2)3+, 116; Si(N(CH3)2)2+ and 72; 
SiN(CH3)2+, respectively. In addition, significant contributions are 

observed at m/z 117, 74, 45, and 44 as can be seen in the expanded 
section of the mass spectrum shown in figure 1b. We attribute the 
m/z 117 contribution to HSi(N(CH3)2)2+, i.e., hydrogen transfer from 
one of the two dissociated N(CH3)2 fragments to the remaining m/z 
116 moiety (Si(N(CH3)2)2+). For the m/z ratios 45 and 44, however, 
we observe significant changes in the relative signal intensity, as 
compared to the molecular cation, between mass spectra. The 
contributions from these fragments are most significant with freshly 
loaded samples but diminish as the measurement time progresses.  

The synthesis of Si(N(CH3)2)4 is based on the reaction of 
dimethylamine, HN(CH3)2, with silicon tetrachloride, and we 
anticipate that the high m/z 45 and 44 signals, when the sample is 
freshly loaded is partly due to residual dimethylamine in the sample 
and that this is reflected in the AEs determined for these fragments. 
This is discussed further here below. The m/z 74 contribution also 
shows this behaviour, though to a lesser extent, which may also in 
part be due to impurities when the sample is freshly loaded. 
However, we attribute the bulk of the m/z 74 contribution to the 
formation of the trimethylhydrazin cation; (H3C)2N-NH(CH3)+, as is 
discussed here below. Minor contributions corresponding to further 
methane, methyl, or methylene loss from the main fragments are 
also observed in the mass spectrum, i.e., at m/z 144, 131, 101, and 
86. Below m/z, 44 minor contributions are observed at around m/z 

Figure 1. A) Electron impact ionization mass spectrum of TKDMAS 
recorded at 50 eV incident electron energy. B) high-resolution 
expansion of the m/z range from about 30 to 125.  
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Figure 2. Positive ion yield curves for the main fragments observed in 
dissociative ionization of TKDMAS in the electron energy range from 
about 0-50 eV. The ion yields were normalized to the pressure and 
the signal intensity of Ar+ from Ar at 50 eV incident electron energy. 

 

42, 28, 18, and 15. These stem from residual nitrogen, water, and 
pump oil always present in HV experiments, though m/z 15 may 
also be in part due to CH3+ from TKDMAS.  

Figure 2 shows the ion yield curves for the main fragments 
observed over the energy range from below the ionization energy 
of TKDMAS up to about 50 eV. The ion yields were normalized to 
the pressure and the signal intensity of Ar+ at 50 eV incident 
electron energy measured separately at the beginning and end of 
every measurement day:  

𝐼!"#$ =	$
𝐼$ %⁄

𝐼'#
% &

𝑃'#
𝑃$ %⁄

( 

Here 𝐼$ %⁄  and 𝑃$ %⁄  are the intensities and pressures of the 
particular fragments, respectively, and 𝐼'#  and 𝑃'#  those of Ar+. 
Table 1 shows the relative intensities of individual contributions 
calculated from the peak heights in the mass spectra shown in 
figure 1 (recorded at 50 eV impact energy) and from the area under 
the ion yield curves shown in figure 2 (from the respective onsets 
up to 50 eV). In both cases, the intensities are normalized to the 
m/z 160, which is set as 100. At the bottom of table 1, the average 
carbon and nitrogen loss per incident is also shown, derived by 
taking the sum of all the main fragment contributions weighted by 
the respective carbon and nitrogen losses and dividing that by the 
total intensity of all ionization events. For example, the m/z ratio 
160 represents the loss of an N(CH3)2 unit, which in turn 
corresponds to the loss of one nitrogen and two carbons. This is 
weighted proportionally as the contribution of the m/z 160 signal 
intensity to the average nitrogen and carbon loss per fragmentation 
incidents. The contributions from m/z 44 are recorded after several 
days of measurements with the same sample and is weighted as the 
loss of one N(CH3)2 unit. Contributions from m/z 45 are not 
considered.  

 The ion yield curves in figure 2, show the typical non-resonant 
profile of electron impact ionization and dissociation with an onset 
region reflecting the threshold of the individual processes and a 
plateau at higher energies. The onset slope of the molecular ion is 
fairly steep compared to that of the fragmentation products, as it is 
mainly defined by increasing intensity loss into the respective 
fragmentation channels with increasing excess energy. For the 
more extensive, metastable fragmentation channels, where internal 
energy redistribution is important, the excess energy plays an 
increasing role, and the onset slopes become shallower. This also 
becomes more apparent as the fragmentation becomes more 
extensive. Noticeably, in table 1, the relative integral intensity of 
the parent ion from the ion yield curves is higher than the peak 
intensity in the mass spectrum. This is mainly a reflection of the 
higher threshold for the fragmentation processes. However, 
different voltages on the electrical lens components (mainly the 
extraction and entrance components to the QMS) may also 
influence the detection efficiency of the individual fragments 
differently. This is reflected in the slightly lower average carbon and 
nitrogen loss per incident, as determined from the ion yields 

compared to those from the mass spectra. However, the overall 
picture is the same, and the average C:N loss ratio is in both cases 2, 
reflecting the dominating loss of N(CH3)2 units.  

Table 2 shows the appearance energies of the individual fragments 
determined by fitting a Wannier type threshold function to the 
onset of the individual ion yield curves as described in the 
experimental section. The confidence limits are set to clearly 
bracket the onset concerning the average value determined from 
the respective curves. These are equal to or higher than the 
standard deviations from the fittings and are judged by visual 
inspection of individual curves. Representative fits to the ion yield 
of the parent ion and that for the loss of 1, 2, and 3 N(CH3)2 units 
are shown in figure 3 with the respective average AEs and 
confidence limits. Table 2 also shows the thermochemical 
thresholds for the individual processes calculated at the PBE0/def2-
TZVP (DFT) and the DLPNO-CCSD(T)/Extrapolate (2/3, def2) 
(coupled cluster; CC) level of theory. Where an agreement of the 
AEs with the calculated direct processes is not found to be 
acceptable, which in fact is the case for most of the fragments, we 
have computed alternative pathways. The threshold values at the 
DLPNO-CCSD(T) level of theory, shown in table 2, for the direct 
fragmentation processes are underlined, and those for the 
rearrangement reaction that agree best with the AEs are bold. At 
the bottom of the table, the AEs for the m/z ratio 45 and 44 are 
shown for measurements with freshly loaded samples. For m/z 45, 
the AE is compared to the threshold values calculated for the 
ionization of dimethyl amine (DMA) and the formation of the DMA 
cation from TKDMAS.  For m/z 44, the AE is compared to hydrogen 
loss from the nitrogen and to hydrogen loss from one of the methyl 
groups of DMA. The geometries of all fragment ions, optimized at 
the coupled cluster level of theory are shown in figure 4. 
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The DFT approach results in lower values than the CC approach for 
all calculated thresholds. The difference is in the range of 0.1 to 0.6 
eV and largest for the molecular ion. The AE of the molecular ion, 
i.e., the ionization energy of TKDMAS, is found to be 7.6 ± 0.2 eV, 
which agrees well with the CC calculations for the threshold (7.58 
eV), but is about 0.6 eV higher than the threshold energy calculated 
at the DFT level of theory. For the loss of one N(CH3)2 unit, we 
determine an AE of 9.6 ± 0.2 eV, which is about 0.4 eV higher than 
the CC threshold value. Direct dissociation is the lowest energy 
process in this case, and we do not expect significant barriers. 
However, it is not uncommon, especially in metastable decay 
processes, that electron impact studies slightly overestimate the 
respective thresholds as excess internal energy may be needed for 
dissociation to be observable on the timescale of the respective 
experiment. This effect is commonly referred to as "kinetic shift". 
For the loss of 2 N(CH3)2 units (m/z 116), on the other hand, we find 
our experimental AEs to be more than 2 eV below the computed CC 
threshold value, i.e., 12.1 ± 0.2 eV as compared to 14.03 eV. This is 
way outside the confidence limits of our measurements and the 
accuracy of either the DFT or CC calculations, indicating that a lower 
energy rearrangement process is operative at the threshold. The 
only process offering significant energy gain in this reaction is the 
combination of the two neutral N(CH3)2 units to form 
(H3C)2N−N(CH3)2, tetramethylhydrazine. We calculate a threshold of 
11.48 eV and 11.80 eV for this process at the DFT and CC level of 
theory, respectively. From these, the CC threshold value agrees well 
with our experimental AE supporting the notation that this process 
is not direct but associated with a new NN bond formation at the 
threshold. Similarly, we find the AE for the loss of 3 N(CH3)2 units, 
m/z 72, to be about 2 eV below the CC threshold value. Though our 
accuracy for the AE for this channel is less than for the loss of two 
N(CH3)2 units, that cannot explain this difference. However, if we 
consider the formation of tetramethylhydrazine again, we compute 
a threshold of 14.27 eV at the coupled cluster level of theory. This is 
in good agreement with our AE of 14.5 ± 0.2 eV. In addition to the 

Table 1. Relative intensities of individual contributions and the average 
carbon and nitrogen loss per incident obtained from the mass spectrum 

and ion yields at 50 eV. 

Fragment m/z 
Peak height 
from mass 
spectrum 

Integration 
from ion 
yields 

[M]+ 204 47.15 85.73 

[Si(N(CH3)2)3]+ 160 100 100 

[Si(N(CH3)2)2 NCH2]⁺ 144 7.87 4.30 

[HSi(N(CH3)2)2]⁺ 117 60.31 54.34 

[Si(N(CH3)2)2]⁺ 116 71.57 71.18 

[(CH3)2N–NH(CH3)]+ 74 44.93 44.07 

[Si(N(CH3)2)]⁺ 72 19.20 10.72 

[N(CH3)2]⁺ 44 58.74 48.50 

Average nitrogen loss per incident  1.60 1.40 

Average carbon loss per incident  3.20 2.80 

 

 

 
Figure 3. Representative fits to the onset area of the DI ion 
yields for the parent ion and for the loss of 1, 2 and 3 N(CH3)2 
units from TKDMAS. The average AEs and determined from 
three independent fits are shown along with the respective 
confidence limits. 
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Table 2. Appearance energies (AEs) and calculated thresholds for potential DI reactions leading to the fragments observed upon DI of TKDMAS. 
Threshold values at the DLPNO-CCSD(T) level of theory for the direct fragmentation processes are underlined and those for the rearrangement 
reactions that agree best with the respective AEs are bold. Additionally, at the bottom of the table, the AEs for the m/z ratio 45 and 44 
measured with freshly loaded samples are compared to the threshold values calculated for the ionization of dimethyl amine and the formation 
of the DMA cation from TKDMAS for m/z 45 and hydrogen loss from the nitrogen and one of the methyl groups for m/z 44, respectively.  

Fragment Product AE (eV) PBE0 (eV) DLPNO-CCSD(T) (eV) 

204 M: Si(N(CH3)2) 4+ 7.6 ± 0.2 6.99 7.58 

160 [Si(N(CH3)2)3]+ + N(CH3)2 9.6 ± 0.2 8.98 9.21 

144 [Si(N(CH3)2)2 NCH2]⁺ + N(CH3)3 + H 12.1± 0.3 11.72 11.81 

 [Si(N(CH3)2)2 NCH2 ]⁺ + N(CH₃)2 + CH3 + H  14.27 14.4 

 [Si(N(CH3))2 NCH2 ]⁺ + N(CH3)2 + CH4  9.93 10.07 

 [Si(N(CH3)2)2 NCH2]⁺ + HN(CH3)2 + CH3  10.47  

117 [HSi(N(CH3)2)2]⁺ + N(CH3)(CH2) + N(CH3)2 12.1± 0.3 11.22 11.41 

116 [Si(N(CH3)2)2]⁺ + (CH3)2N-N(CH3)2 12.0± 0.2 11.48 11.80 

 [Si(N(CH3)2)2]⁺ + N(CH3)2 + N(CH3)2  13.44 14.03 

74 [(CH3)2N–NH(CH3)]+ + (CH2)Si(N(CH3)2)2 10.7± 0.2 10.87 11.34 

 [H2Si(N(CH3)2)]⁺ + N(CH2)2 + 2N(CH3)2  15.75 16.12 

 [H2Si(N(CH3)2)]⁺ + N(CH3)2 + 2 N(CH2)(CH3)  13.70 13.79 

 [H2Si(N(CH3)2)]⁺ + (CH3)2N–N(CH3)2 + N(CH2)2  13.75 13.91 

72 [Si(N(CH3)2)]⁺ + (CH3)2N-N(CH3)2+ N(CH3)2 14.5± 0.4 14.12 14.27 

 [Si(N(CH3)2)]⁺ + N(CH3)2+ N(CH3)2+ N(CH3)2  16.08 16.5 

44 [HN(CH2)(CH3)]⁺ (H migration) + Si(N(CH3)2)3 10.4± 0.2 9.95 10.26 

 [N(CH3)2]⁺ + Si(N(CH3)2)3  13.25 13.77 

45 HN(CH3)2 + e⁻ → [HN(CH3)2]⁺  (Ionization energy of DMA ) 8.6± 0.2 7.86 8.10 

 Si(N(CH3)2) 4 + e⁻ → [HN(CH3)2]⁺ + Si(N(CH3)(CH2)  11.56 11.92 

44 HN(CH3)2 + e⁻ → [HN(CH2)(CH3)]⁺ + H 9.75 ± 0.2 9.57 9.54 

 HN(CH3)2 + e⁻ → [N(CH3)2]⁺ + H  13.54 13.73 

 

loss of N(CH3)2 units, we have also considered fragmentation paths 
leading to the m/z ratios 144, 117, 74, and 44 from TKDMAS. From 
these, the m/z ratios 144 is attributed to N(CH3)2 loss and additional 
CH3 and hydrogen loss. For this process, the direct dissociation of 
these three neutrals results in a threshold of 14.4 eV at the CC level 
of theory, again more than 2 eV above the 12.1 eV experimental AE. 
Hydrogen transfer leading to the neutral fragments HN(CH3)2 or 
methane, however, results in CC threshold values that are about 1.5 
and 2 eV below the AE, respectively. Assuming the formation of 
trimethylamine; HN(CH3)2 and the CH3 radical, on the other hand, 
results in a CC threshold value of 11.81, in good agreement with the 
experimental AE. The m/z 117; HSi(N(CH3)2+)2 constitutes a 

hydrogen transfer from one of the dissociating neutrals to the 
charge retaining fragment. For this process, we derive an AE of 12.1 
± 0.3 eV, compared to a calculated CC threshold value of 11.41, 
without considering NN bond formation between the neutrals. The 
formation of an NN bond brings the CC threshold energy further 
down, thus further away from the experimental AE. We note that 
the ion yield for this fragment is bound to contain about 10 % 
isotope contributions from m/z 116. This is significant as the 
relative isotope contribution is high, and the intensities are similar 
for m/z 116 and 117. Thus the threshold behaviour for m/z 117 is 
likely to be influenced by the m/z 116 contributions. However, the 
calculated threshold energies for m/z 116 are slightly higher than 
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Figure 4. Comparison of the experimentally determined appearance energies and the thresholds calculated for the respective fragments at the 
coupled cluster level of theory. The experimental appearance energies are shown with red lines and the calculated thresholds for the direct 
processes without new bond formation are shown with blue lines. These correspond to the underlined values in table 2. The calculated thresholds 
for the rearrangement processes that agree best with the experimental appearance energies and are formatted bold in table 2 are shown in green. 
Additionally, the geometries of the respective positive ions optimized at the CC level of theory are shown above the respective AEs and Eth values. 
 

 

for m/z 117 and should thus not mask the true m/z 117 onset. 
There are also no indications of the m/z 117 fragment being from 
impurities. Thus, we anticipate that the higher AE than the CC 
calculations reflects activation barriers on this reaction path. This is 
a reasonable assumption, considering the complexity of this 
reaction. Still, an alternative explanation may be a kinetic shift, as 
this channel is likely to proceed on a fairly long-time scale. In 
principle, the m/z 74 is concord with the formation of 
[H2Si(N(CH3)2)]⁺ through the transfer of two hydrogens from the 
leaving N(CH3)2 units to the remaining charged Si-containing 
moiety. For m/z 74, we derive an AE of 10.6 eV as compared to a 
16.12 eV CC threshold value for the direct formation of 
[H2Si(N(CH3)2)]⁺ with both hydrogen transferred from the same 
N(CH3)2 unit. This value is lowered to 13.79 eV by assuming 
hydrogen transfer from two different N(CH3)2 units but considering 
NN bond formation in this process does not bring the threshold 
further down (see table 2). It is thus clear that m/z 74 does not 
constitute the formation of [H2Si(N(CH3)2)]⁺. Considering the 
formation of the trimethylhyrazine cation; (CH3)2NNH(CH3)2+, 
leaving the saturated H2C=Si(N(CH3)2)2 neutral counterpart, brings 
the DFT threshold value down to about 10.87 eV and the CC value 
down to 11.34 eV. This is in better agreement with the 
experimental AE, but contributions from impurities cannot be 
excluded. For m/z 44, we derive an AE of 10.4 ± 0.2 eV from ion 
yields recorded several days after the fresh sample was loaded. The 
CC threshold value for the direct dissociation is 13.73 eV; however, 
considering the formation of the methylamino cation CH2=NH(CH3)+  

results in a CC threshold of 9.54 eV, which is in better agreement 
with the experimental AE. 

For m/z 45 and 44 from dimethyl amine (DMA), we derive CC 
threshold values of 8.10 eV and 9.54 eV, respectively. The ionization 
energy of DMA, reported at the NIST Chemistry Webbook42 are in 
the range from 8.07 - 9.97 eV with the recommended value being 
8.24 ± 0.02 eV. For the ionization energy of DMA, i.e., the AE of m/z 
45, we derive a value of 8.6 ± 0.2 eV, which is slightly higher than 
the CC threshold value and the experimental value recommended 
at the NIST Chemistry WebBook.  
The DI (electron impact) values reported at the NIST Chemistry 
Webbook42 for the AE of m/z 44 from DMA range from 9.41 - 10.55 
eV. However, a more recent PE study by Traeger report an AE298 of 
9.69 ± 0.01 eV43 and TPEPICO measurements by Bodi et al.44 report 
an AE0 of 9.768 ± 0.023 eV. These are slightly higher than the 
current CC threshold value of 9.54 eV. We note that Bodi et al. 
derived a 0 K value of 9.749 eV with the W1U composite approach, 
which shows that the current DLPNO-CCSD(T) approach slightly 
underestimates the threshold for this process. For the m/z 44 
recorded directly after loading a fresh sample, we derive an AE of 
9.75 ± 0.2 eV, which is in good agreement with the values reported 
by Traeger43 and from Bodi et al.44 

In recent years several studies have been reported on potential 
organometallic FEBID precursors. These were subjected to electron 
induced decomposition under non-steady state UHV conditions and 
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compared with the extent of the fragmentation of these 
compounds through DEA and DI under single collision conditions.45–

48 In these experiments, 1 - 2 monolayers of the respective 
precursor were adsorbed on a gold substrate and exposed to 500 
eV electron irradiation from a flood gun. Desorbing fragments were 
monitored by mass spectrometry, while the changes in the 
adsorbate’s composition were monitored by XPS as a function of 
electron dose. For Pt(PF3)4,49 Ru(CO)4I2,47 cis-Pt(CO)2Cl2,50 
MeCpPtMe3,25 (η5-Cp)Fe(CO)2Re(CO)546 and CpFe(CO)2Mn(CO)545 an 
initial fast decomposition step was observed in the range up to 
about 1015 e−/cm2 electron dose that led to an average ligand loss 
of 1-2 per precursor molecule. A much slower decomposition step 
was observed at higher doses (above ~1016 e−/cm2), leading to 
further decomposition of the deposits. In these experiments, the 
average number of ligands lost in the initial fast decomposition step 
correlated well with the average number of ligands lost per DEA 
incident in the gas phase under single collision conditions, 
indicating that the quick initial decomposition step was governed by 
DEA rather than DI.25,47 On the other hand, neutral dissociation has 
also been shown to be very efficient for Pt(PF3)4,49,51,52. In contrast, 
it has not been probed for the other precursors mentioned here 
and in the case of CpFe(CO)2Mn(CO)5,45 it was in fact concluded that 
DI rather than DEA dominated the initial fragmentation step.  

Here we take a similar approach as previously taken in comparing 
the surface science experiments with the respective gas phase 
experiments. We compare the extent of the DI process as observed 
under single collision conditions with the elemental composition of 
FEBID pads created with TKDMAS. Furthermore, post treatment of 
the FEBID deposits through electron irradiation under water vapour 
was conducted on the pads in order to reduce the carbon content 
of the deposits. For comparison, deposition and post deposition 
purification experiments were also carried out with 
tetraethylorthosilicate (TEOS), a precursor that has been used ins 
CVD28,29 as well as in FEBID.31,32 

Scanning electron microscope (SEM) and 3D atomic force 
microscope (AFM) images of FEBID pads created with TKDMAS are 
shown in figure 5(a) and (b), respectively, along with the respective 
AFM cross sections and EDX spectra. These are shown for the direct 
deposits and for the deposits after post treatment through electron 
irradiation under water vapour. Table 3 compares the elemental 
composition before and after post-treatment, as evaluated from 
the corresponding EDX spectra. The quantitative analysis of the EDX 
spectrum is done by the software “AZtech” developed by Oxford 
Instruments, which applies standardless-analysis methodology53 to 
determine the elemental composition from an EDX spectrum. For 
TKDMAS, the untreated deposit composition was 58.6 at% C, 23.5 
at% O, 9.4 at% N, and 8.5 at% Si. After post deposition treatment, 

the composition was 40.6 at% C, 34.5 at% O, 13.6 at% N, and 11.3 
at% Si. Hence, for TKDMAS significant reduction in both the relative 
carbon and nitrogen content is clear.  On the other hand, the 
oxygen content increases, which is likely to be due to partial 
oxidation of the silicon, as has been observed previously.54 
However, despite efficient carbon and nitrogen removal, only 25 % 
thickness reduction is observed, as shown in figure 5. Post-
treatment of TKDMAS with electron irradiation alone (not shown in 
figure. 5) did not result in any significant composition change.  

Figures 6(a) and (b) show the corresponding SEM and 3D AFM 
images of the deposits from TEOS before and after post treatment, 
along with the respective AFM cross sections. Table 4 compares the 
respective elemental composition before and after post-treatment 
evaluated to form the corresponding EDX spectra. The composition 
of the untreated deposit from TEOS was found to be 49.8 at% C, 
34.6 at% O, and 15.6 at% Si. After the post treatment, the 
composition was found to be 45.5 at% C, 38.5 at% O, and 16 at% Si. 
Hence, no significant composition change was observed after post-
treatment of the TEOS deposits, neither in the presence of water 
nor by electron irradiation alone. The morphology change can be 
seen from the appearance of the TEOS and TKDMAS FEBID pads 
after and before post treatment in the AFM and SEM images. In 
SEM images, due to the SEM edge effect, edges and corners tend to 
appear brighter. As a result, in the case of presented TEOS and 
TKDMAS deposits, the outer parts and the edges reveal a brighter 
appearance than the centers. After post-treatment, the reduced 
dark centers in both pad types point towards a lower carbon 
concentration. Furthermore, humps are visible in the AFM and SEM 
images next to the TKDMAS pads after post treatment. Such post 
treatment-induced changes are only visible in TKDMAS pads, for 
which thickness reduction is detected and more pronounced carbon 
removal can be observed. 

For comparison with the DI data, it is reasonable to look at the Si:N 
ratio as the oxygen and carbon may, in part, originate from 
background gas present under HV conditions. From these, the main 
carbon component that is not from the compound will stem from 
pump oil residues in the chamber. At the same time, the oxygen is 
likely to be mostly due to water residues that are the predominant 
background gas under HV conditions (10-6-10-8 mbar)55.  

From the composition, it is clear that the Si:N ratio in the TKDMAS 
pads is close to 1:1, as compared to the initial 1:4 ratio in the intact 
precursor molecule, i.e., on average, 3 nitrogen atoms are lost from 
each precursor molecule in the deposition process. In the DI 
process, in the gas phase, we find an average nitrogen loss per 
incident of <1.5, which correlates to an expected Si:N deposit ratio 
of < 1:2.5. Thus, though DI is likely to be the initial step, other 
processes determine the final composition.  
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With a TKDMAS diameter of about 6 Å and dense packing, a 1 μm2 
monolayer consist of about 3 × 106 molecules, and a 900 nm high 
pad would contain a total of about 4.5 × 109 molecules. Let’s take as 
an example the whole dissociative ionization cross section of 
ethylene at 5 kV. That is on the order of 10-17 cm2,56 and coverage of 
3 × 106 molecules for a 1 μm2 monolayer. The reactive coverage, 
calculated as the dissociative ionization cross section times the 
number of molecules in one monolayer, is about 3 × 10-3 μm2. The 
total primary electron dose is about 2.5 × 1014 e−/μm2, and the 
exposure of a monolayer is accordingly about 1.5 × 1011 e−/μm2. 
Thus, statistically, 150 DI incidents per molecule (and its resulting 
fragments) may be expected if the DI cross section is assumed to 
stay the same after each incident. At 5 k eV primary electron 
energy, the secondary electron yield is expected to be < 2 per 
primary electron57,58 and these will also contribute to DI events. In 
these back-of-the-envelope calculations, we use gas phase cross 
section and consider these to remain unchanged for the 
immobilized fragment(s) resulting from a previous event(s). This 
does evidently not hold, but it is still clear from these 
considerations that multiple reactive incidents with the same 
molecule or its fragments after an initial dissociative ionisation 
event may occur. This may partly explain the significantly lower N 
content of the deposits compared to what should be expected from 
the DI experiments conducted under single collision conditions. 

However, water is the predominant background gas under HV 
conditions. At pressures of about 10-7 mbar and assuming a sticking 
coefficient of about 0.2, an equivalent of one monolayer water 
absorbs on the surface in less than two minutes.59 Post and in situ 
treatment with water during electron irradiation has been shown to 
be effective in the deposition of (EtCp)2Ru and MeCpPtMe3.60,61 And 
in a recent comparative study on FEBID deposition of Pt(CO)2Cl2 and 
Pt(CO)2Br2 under HV and UHV conditions,62 the HV deposits were 
found to be as good as free of the halogen component while this 
was the dominant ligand residue in the UHV experiment. We 
consider this to be an effect that is due to HCl and HBr formation 
and desorption through reactions with the residual water in the HV 
experiment. A similar effects has been observed in electron induced 
decomposition of Pt(NH3)2Cl2 and (η3-C3H5)Ru(CO)3Cl 63,64 In the 
former case, reductive HCl formation takes place through 
intramolecular reactions of the halogen with hydrogen from the 
amino ligand in the latter case by in situ exposure to ammonia in 
the electron irradiation process. 

From the oxygen content of the initial deposit, it is evident that in 
the extended application of TKDMAS for FEBID, the presence of 
trace water is determined for the resulting composition, not only 
through oxide formation in the remaining deposit but also through 
the removal of carbon and nitrogen. Due to the absence of nitrogen 

 

Figure 5. Characterization of FEBID pads deposited by precursor 
TKDMAS with/without post-treatment with electron irradiation and 
water vapor. (a) AFM image(left) and SEM image (right), (b) cross-
sections extracted from AFM images, (c) EDX spectrum. 

 

Figure 6. Characterization of FEBID pads deposited by precursor 
tetraethyl orthosilicate (TEOS) with/without post-treatment with 
electron irradiation. (a) AFM image(left) and SEM image (right), (b) 
cross-sections extracted from AFM images, (c) EDX spectrum. 

Table 3. elemental composition of FEBIDs created with precursor 
TKDMAS before and after post-treatment 

Element (At %) C O Si N 

Before post treatment  58.6 23.5 9.4 8.5 

After post treatment  40.6 34.5 13.6 11.3 

 

Table 4. elemental composition of FEBIDS created with precursor 
TEOS before and after post-treatment 

Element (At %) C O Si 

Before post treatment  49.8 34.6 15.6 

After post treatment  45.5 38.5 16 
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in TEOS, FEBIDs with these two precursors may be worth pursuing 
as a path for composition control in silicon nitride and silicon 
oxynitride deposits. Control of the partial water pressures during 
the deposition process might also offer a path for optimizing such 
deposits, particularly from TKDMAS. Controlled UHV experiments 
would be valuable in this context to evaluate the nature of the 
desorbing fragments (MS) and the chemical bonding in the deposit 
(XPS) at controlled water vapour pressures as the base water 
pressure is very low in such instruments.  

Conclusions 
Here we presented a combined experimental and theoretical 
study on dissociative ionization of TKDMAS and compared the 
extent of the fragmentation observed with the composition of 
deposits formed with this compound in FEBID before and after 
post-treatment by electron irradiation in the presence of 
water. In DI, the fragmentation of TKDMAS is characterized by 
the loss of N(CH3)2 units. Simple direct cleavage of the Si-
N(CH3)2 bond is, however, only observed for the loss of one 
N(CH3)2 moiety. All other fragmentation channels are 
associated with rearrangement reactions, mainly hydrogen 
transfer and new N-N bond formation leading to the 
respective methyl hydrazine derivatives. The average nitrogen 
loss from TKDMAS per DI incident under a single collision 
condition in the gas phase is found to be < 1.5. The Si:N ratio in 
the FEBID, however, is found to be close to 1:1, which 
translates to an average loss of three nitrogen from each 
molecule in the deposition process. This is more than two 
times what would be expected from the gas phase 
experiments. Ex-situ post treatment through further electron 
exposure in the presence of water further increases the Si:N 
ratio slightly. For TKDMAS, we believe that the presence of 
water traces during the deposition process under HV 
conditions is determined for the resulting composition. It is 
clear from the current study that the composition may be 
further tuned in post treatment with water under electron 
irradiation. This may offer a route for controlled silicon 
oxynitride deposition in FEBID by controlled water admission 
in the deposition process. UHV surface experiments, where the 
desorbing fragments and the bonding nature within the 
deposit can be monitored, would be a valuable extension of 
this study. Especially as the residual gas under UHV is mainly 
CO and hydrogen, and water admission during electron 
exposure can thus be well controlled. 
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