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Abstract

Atmospheric-pressure plasma-enhanced spatial atomic layer deposition (PE-spatial-ALD) of SiN is
demonstrated for the first time. Using bis(diethylamino)silane (BDEAS) and N, plasma from a dielectric
barrier discharge source, a process was developed at low deposition temperatures (< 250 °C). The effect
of N, plasma exposure time and overall cycle time on layer composition was investigated. In particular, the
oxygen content was found to decrease with decreasing both above-mentioned parameters. As measured
by depth profile X-ray photoelectron spectroscopy, 4.7 at.% was the lowest oxygen content obtained, whilst
13.7 at.% carbon was still present at a deposition temperature of 200 °C. At the same time, deposition
rates up to 1.5 nm/min were obtained, approaching those of plasma enhanced chemical vapor deposition
and thus opening new opportunities for high-throughput atomic-level processing of nitride materials.

Key words: Spatial ALD, silicon nitride (SiN ), spatial atomic layer deposition, atmospheric pressure, low
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1. Introduction

Silicon nitride is an essential material in device fabrication, with applications ranging from microelec-
tronics, thin-film transistors, optoelectronics, encapsulation and patterning [1-3]. For many of these
applications SiN_should be deposited at relatively low temperatures (< 350 °C) with excellent material
properties and uniformity over large areas as well as 3D topographies.

Atomic layer deposition (ALD) and in particular plasma-enhanced ALD (PE-ALD) can fulfil all of the above
listed requirements. In conventional, temporal ALD, a substrate is cyclically exposed to a precursor and a co-
reactant that are separated in time and undergo self-limiting surface reactions, thus allowing for Angstrém-
level thickness control and unparalleled uniformity and conformality over 3D substrates. In the case of PE-
ALD, the plasma-activated co-reactant can effectively reduce the thermal budget required for film deposition,
and often allows for improved layer properties, compared to those of layers grown with thermal ALD [4, 5].

Copyright: © Jie Shen et al. This is an open access article distributed under terms of the Creative
Commons Attribution License (Attribution 4.0 International - CC BY 4.0). 1
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Hence, extensive research has been devoted to PE-ALD of SiN_using different types of precursors, plasma-
feed gases and types of plasmas [2, 3, 6—10]. Nevertheless, high-quality PE-ALD of SiN processes often suffer
from low deposition rates which can ultimately hamper industrial applicability. As a result, plasma-enhanced
chemical vapor deposition (PE-CVD) is often favored by industry because of its high deposition rate (3-5
nm/min), unless features with challenging aspect ratios need to be coated. Furthermore, deposition rates
of ~50 nm/min and as high as 120 nm/s have been reported using atmospheric-pressure PE-CVD [11, 12].

Away to bridge the gap in deposition rates between PE-CVD and PE-ALD, and thus enable high-through-
put ALD, can be achieved by separating precursor and co-reactant in space rather than in time, this
method is known as spatial ALD [13]. In spatial mode, the ALD precursor and co-reactant are continu-
ously dosed on a reciprocating or rotating substrate, and no extensive chamber-purge steps are needed
to keep the precursor and co-reactant from reacting in the gas-phase (CVD-like reaction). Therefore
much shorter ALD cycle times can be achieved [14]. Most of the literature on spatial ALD concerns
metal oxides produced either by thermal or plasma-enhanced spatial ALD, [4, 15—17] and only a few ex-
amples have been published for spatial-ALD of metallic films (Ag and Cu) [18, 19]. To our knowledge, no
attempts have been reported so far to deposit nitrides in an atmospheric-pressure spatial ALD set-up.

In this work we report for the first time on the atmospheric-pressure spatial ALD process of low tem-
perature (< 250 °C) SiN_using bis(diethylamino)silane (BDEAS) as the silicon precursor and an N, plasma
as the co-reactant, generated from a direct dielectric barrier discharge (DBD) plasma source. We investi-
gate the saturation behavior of the two half-reactions by spectroscopic ellipsometry and study the influ-
ence of plasma exposure time on the incorporation of impurities. Such first round of optimization resulted
in oxygen impurities as low as 4.7 at.% and deposition rates up to 1.5 nm/min which are 8 to 42 times fast-
er than those for temporal ALD processes based on similar chemistries. We believe that the results pre-
sented in this work can open up possible pathways for high-throughput spatial ALD of high-quality nitrides
at atmospheric pressure, thereby expanding the toolbox of high-throughput atomic-level processing.

1. Experimental

2.1. Materials and reactor

All experiments in this work were performed using a custom-built atmospheric pressure spatial ALD
rotary reactor, as illustrated in Figure 1. A detailed description of the reactor can be found elsewhere
[20, 21]. BDEAS was kept at room temperature in a stainless steel bubbler and dosed using an Ar bub-
bling flow of 150 sccm with an additional 850 sccm of Ar as dilution, unless differently specified. For the
plasma co-reactant, a nitrogen flow of 8000 sccm of N, (99.999%) was used as the plasma feeding gas.
A home-built atmospheric-pressure DBD plasma source operated at a voltage of 120 V and frequency
of 75 kHz was employed [21-23]. SiN_layers were deposited on Si substrate wafers at deposition tem-
peratures between 150 °C and 250 °C. Higher deposition temperatures were not explored due to thermal
constraints on the currently employed DBD plasma source. In such spatial ALD setup, the substrate is
rotated under continuous gas flows of BDEAS and N, plasma, which are separated by N, gas curtains.
Each rotation of the substrate underneath the injector head corresponds to one spatial ALD cycle.

Because of the fixed geometry of the injector and the reactor design, the exposure times of the pre-
cursor and of the co-reactant, as well as their purge times, are coupled. The exposure time of the sub-
strate to the precursors/co-reactant, t__, can be calculated using Equation 1:

exp’

4 (M)
“r 2ar f

where W is the width of the deposition zone, r the radial distance from the center of the wafer, and f the
rotation frequency in rotations per minute (RPM). The rotation speed was varied between 10 and 80
RPM, corresponding to exposure times ranging from 30 ms to 400 ms.
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Figure 1. Schematic views of (a) the 150-mm wafer lab-scale reactor and (b) the bottom-side of the spatial ALD in-
jector head. The N, bearing gas streams are controlled in such a way that the substrate is coated at close proximity.

2.2. Decoupling the effect of each half-reaction

As mentioned above, due to the fixed geometry of the reactor all exposure and purge times are coupled
and defined by the rotation speed. The total dose (partial pressure times exposure time, p-texp) can be
changed in order to be able to decouple the effect of each half-reaction. Hence, for a fixed rotation speed,
by varying the partial pressure of the precursor, one can obtain the saturation curve for the precursor
half-reaction while keeping the plasma exposure time constant. From the precursor saturation behavior,
the total dose required for precursor saturation can be calculated at any given rotation speed. By ensur-
ing precursor saturation while changing the RPM, the effect of the plasma half-reaction exposure time
can also be investigated, provided the ‘purge times’ are long enough to avoid CVD-like reactions.

2.3. Analytical methods

The growth of SiN_was investigated by depositing on 150-mm double-polished Si (100) wafers. SiN_film
thickness and optical properties were measured by ex-situ spectroscopic ellipsometry (SE) using a Horiba
UVISEL II. Film thicknesses were extracted using a Tauc-Lorentz model in the spectral range of 1.5-5eV.
The chemical composition and stoichiometry of the SiN_films were obtained by X-ray photoelectron
spectroscopy (XPS), using a Thermo Scientific K-Alpha spectrometer with a monochromatic Al Ka X-ray
source. Depth profiles were measured by sputtering with Ar* ions using 500 eV, with steps of 15 s. The rel-
ative hydrogen content was estimated by Fourier transform infrared spectroscopy (FTIR) of the SiN_films,
using a VERTEX 70 spectrometer from Bruker. Absorbance spectra were collected within the wavenum-
ber range of 650—-4000 cm™ with a resolution of 8 cm™ using a room temperature deuterated tri-glycine
sulfate (DTGS) detector. The H-concentration from FTIR spectra was evaluated based on the Lanford and
Rand method,[24] using the absorption cross-sections, 0,0 ,, = 7.4x 10" cm?and 0, ,, = 5.3 x 107"¢ cm?.

3. Results and discussion
3.1. Process development
Figure 2 shows the SiN_film thickness as a function of the number of atmospheric pressure-PE-spatial-

ALD cycles. A rotation speed of 20 RPM was chosen for this set of experiments to ensure long enough
precursor and plasma exposures. This corresponds to exposure times between 109 ms and 200 ms for
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Figure 2. SiN_layer thickness as a function of the number of spatial ALD cycles, for deposition at 150 °C, 200 °C
and 250 °C.

both BDEAS and the N, plasma and a total ALD cycle time of 3 seconds. A fairly linear thickness increase
was observed at all deposition temperatures investigated, from which growth per cycle (GPC) values of
0.31 A, 0.22 A and 0.19 A were obtained for depositions at 150 °C, 200 °C and 250 °C, respectively.

In agreement with earlier literature, the GPC was found to decrease with increasing the deposition
temperature, and GPC values were comparable to those reported for low-pressure temporal ALD pro-
cesses using similar chemistries [8]. These deposition settings, however, resulted in layers with high
concentration of O- and C-impurities, tending towards SiO,C N, type of materials. In particular, impurity
levels as high as 14 at.% O and 13.7 at.% C were measured in the bulk of these films by depth profile
XPS. Increasing the deposition temperature from 150 °C to 250 °C led to a decrease in carbon content
from 13.7 at.% to 7.5 at.%, and to an opposite trend for O, i.e. an increase from 10.3 at.% to 14 at.%.

FTIR was employed to determine the relative hydrogen content in the deposited SiN_layers. Figure 3a
shows an example of an infrared spectrum of a SiN_layer deposited at 250 °C at 20 RPM. Si-N (~930 cm
"), Si-H (~2190 cm™), N-H (~3353 cm™) and NH, (~1600 cm™) modes are visible [6]. From these spectra
the H-bond densities (Si-H plus N-H) were calculated using the method described by Lanford and Rand
[24]. As shown in Figure 3b a linear decrease in the number of H-bond density was found upon increas-
ing the deposition temperature from 150 °C to 250 °C, with the lowest value being ~4.7 x 102 cm?3. As a
reference typical H-bond densities reported for PE-CVD in the same temperature range are between 6 x
107" (low hydrogen content, <10 at.%)[25]and 2.1 x 10?? [24].

3.2. Effect of plasma exposure on the material properties

With the aim of optimizing the deposition process towards high-quality SiN, we investigated the two sep-
arate half-reactions of the spatial ALD process with particular focus on the N, plasma exposure since it
is has been reported that the plasma exposure can have dramatic influence on the impurity levels of SiN,
prepared by PE-ALD [8, 9]. Figures 4a and 4b show the saturation curves for SiN_grown from BDEAS and
N, plasma at 200 °C and 250 °C. The GPC as a function of the BDEAS partial pressure, p, shows saturating
behavior for SiN , indicating self-limiting surface reactions during the precursor step, consistent with ALD
behavior and with previous literature on temporal ALD [8, 10]. The rotation speed was kept fixed at 20
RPM to fix the plasma exposure time, while the Ar bubbling flow through the BDEAS precursor was varied
from 25 sccm to 150 scem. For details see the Experimental section. In terms of BDEAS dose, pt,, sat

4
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Figure 3. a) Typical infrared spectrum for of a SiN, layer deposited at 250 °C at 20 RPM, with Si-H and Si-N stretching
mode, and N-H stretching and NH, scissoring mode indicated; b) total H-bond density (N-H plus Si-H) derived from
FITR measurements.

0.03 . . . : 0.03 : ; : ; ; ;
a) aPc~0023nm | D) -
_____ m______m L -7
s -7 ] /. - - -7 -
=002F g7 =2_---- 1 S 1 0.02 - el 1
S S o GPC ~0.020 nm Yoo
c 1’ I -
o //// /I,'
Qoo1f,, { oo01f ) 1
/
] 1
" = 200°C 1y = 200°C
' " 250°C v " 250°C
’
0_00- 1 1 1 1 000- 1 1 1 1 1 1
0.00 0.05 0.10 0.15 0.20 0.00 0.05 0.10 0.15 020 025 0.30
BDEAS partial pressure (Torr) Plasma exposure time (s)

Figure 4. a) shows the growth per cycle (GPC) at (red square) 200 °C and (black square) 250 °C as a function of
BDEAS exposure for a fixed N, plasma exposure time. b) GPC at 200 °C (red square) and 250 °C (black square) as a
function of the plasma exposure time, for BDEAS exposures above saturation. While the BDEAS exposure results in
saturating behavior, the GPC as a function of the plasma exposure time shows a non-ideal behavior.

uration behavior was obtained for precursor doses above 0.015 Torr-s, as shown in Suppl. material 1: fig.
$1, which is in good agreement with an earlier report on SiO, spatial ALD using the same precursor [4].

Conversely, the GPC as a function of the plasma exposure time displays deviation from ideal behavior.
A similar effect has been previously observed for temporal PE-ALD of SiN, using similar precursor chemis-
tries and described as soft-saturating behavior [7, 8]. For example, in the case of bis(tert-butyl)aminosilane,
the N, plasma exposure was observed to directly affect the C-content, through a re-deposition effect,[26]
while an Si-H terminated surface upon precursor adsorption was speculated to be responsible for such
soft-saturating behavior in the case of di(sec-butyl)aminosilane and neopentasilane as precursors [7].

The refractive index as calculated by optical modelling of the ex-situ SE data shows an increasing trend
with decreasing N, plasma exposure time (see Suppl. material 1: table S1 for details), pointing towards dens-
er layers and/or lower impurities (H, C, 0). In order to shine light on the effect of N, plasma exposure observed
in our case, XPS depth profiles and FTIR measurements were carried out for different plasma exposures.
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Figure 5. Contents in atomic percentage of O (red triangle), C (black square), Si (purple dot), N (blue dot) in the bulk
of the spatial ALD grown SiN_layers as a function of the N, plasma exposure time.

Figure 5 shows the SiN, composition in the bulk of each film as measured by XPS depth profile for
different N, plasma exposure times and at a deposition temperature of 200 °C (see also Suppl. material
1: fig. S2). While the Si at.% remains fairly constant within the measurement error, the O at % shows an
almost linear increase with the N, plasma exposure time and the C at.% decreases slightly with increas-
ing N, plasma exposure. An optimum thus exists in trying to minimize the C- and the O-content corre-
sponding to a N, plasma exposure of ~75ms, i.e. a rotation speed of 40 RPM. The lowest O-content was
instead obtained for a plasma exposure time of ~37 ms, i.e. a rotation speed of 80 RPM. The reasons for
such trends are not fully understood at this moment. It can be speculated, however, that a combination
of O-impurities present at ppm-levels in the N, gas and in the background ambient of the reactor are
responsible for the incorporation of oxygen, or additionally, that plasma-induced outgassing of the DBD
ceramic elements is responsible for O incorporation. Hence, a shorter plasma exposure and an overall
shorter cycle time are expected to reduce the oxygen content. On the other hand, longer plasma expo-
sure times might be needed to completely remove the carbonaceous ligands. With this in mind, also a
mixture of N,/H, was tested since H-radicals are known to be effective in removing carbon. However,
GPC values as low as 0.06 A were obtained, similar to earlier reports [8]. Ande et al. have used density
functional theory to show that such low GPC can be attributed to the formation of an H-terminated sur-
face that is short of suitable adsorption sites for the subsequent precursor step [27].

By optimizing the plasma exposure time to 37 ms, together with an overall ALD cycle time of 750
ms, SiN_layers with only 4.7 at.% O could be obtained, yet with 13.9 at.% C. Figure 6a shows that the
absolute oxygen content drastically decreases within the bulk of the SiN layers when going from 10
RPM (red lines), 40 RPM (black lines) to 80 RPM (blue lines). Conversely, the absolute nitrogen and car-
bon contents increase. Furthermore, a decrease in hydrogen bond density down to 3.5 x 1022 cm? with
increasing rotation speed was derived from FTIR measurements, as shown in Figure 6b. Concurrently,
the GPC decreased from 0.27 A at 10 RPM to 0.19 A at 80 RPM, which corresponds to an increase in
deposition rate from 0.27 nm/min to 1.5 nm/min. See Suppl. material 1: table S1 for more details.

3.3. Comparison to PE-ALD and PE-CVD

Table 1 provides an overview of chemistries, deposition temperatures and rates, and resulting material prop-
erties such as film refractive index and composition for PE-CVD, atmospheric pressure PE-CVD, low-pres-
sure temporal ALD, and atmospheric-pressure spatial ALD, at deposition temperatures of 200 °C or 250 °C.
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Figure 6. a) Raw XPS data for O1s, N1s and C1s within the bulk part of SiN; b) baseline-subtracted Si-H and N-H
modes as measured by FTIR. All SiN_layers were deposited at 200 °C by atmospheric-pressure spatial ALD at 10
RPM (red line), 40 RPM (black line), and 80 RPM (blue line).

By comparing the results obtained in this work with those reported in literature a few conclusions can
be drawn. With atmospheric-pressure spatial ALD one can grow films with oxygen contents comparable to
low-pressure temporal ALD. The carbon content is even lower than that reported for films grown from BDEAS
and high-frequency Capacitively Coupled N, plasma (CCP) in low-pressure temporal PE-ALD,[10] and compa-
rable to the films grown from bis(tert-butyl)aminosilane (BTBAS) in combination with N, plasma, yet much
higher than those obtained by di(sec-butyl)aminosilane (DSBAS) and TSA in combination with N, plasma.

It is likely that the oxygen contaminations in the case of spatial ALD are originated by O, and H,0
traces that are present in the background ambient of the reactor, similarly to what reported for the atmo-
spheric pressure PE-CVD process using SiH,/N,/He [12].

Table 1. Short overview of vapor phase deposition of thin SiN_films. AP = Atmospheric pressure; PE = plasma-en-
hanced; CVD = Chemical Vapor deposition; ALD = Atomic Layer Deposition; CCP = capacitively coupled plasma; ICP
= inductively coupled plasma; d.I. = detection limit; ECR= Electron Cyclotron Resonance.
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PE-CVD SiH,/N,/He CCPRF 250 | 44 | na. |1.928 1.36 na. | na. | na. | 84x10% [25]
SiH,/N, CCPRF 250 | 6.5 | na. |2.348 na. | na. | na. |17.3x 107 [25]
SiH,/NH_/N, ICP 200 | ~18 | n.a. | 1.90 ~1.2 n.a. | na. | ~32 n.a. [28]
SiH,/N, ICP 200 | ~20 | n.a. | 1.86 ~1.3 na. | na. | ~21 n.a. [28]
SiH,/N,/N, ECR 250 3 | na | 194 ~1.3 na. | na. | 1.5 | 45x10% [29]
AP-PE-CVD SiH,/ N, /He | Parallel plate | 200 | 50 | n.a. | na. |1.22-145| 6.3 |0.15| 32° n.a. [12]
electrodes
PE-ALD TSA/N, ICP 240 [ 0.08|1.20| 1.94 0.84 6 < n.a. [30]
d.l.
DSBAS/N, ICP 200 [ 0.04|0.12 | 1.89 1.2 4 4 8 n.a. [7]1
BTBAS/N, ICP 200 | 0.09 | 0.32| 1.83 1.7 5 9 11 n.a. [71
BDEAS/N, CCP 200 | 0.3 | 230 | na. 0.84 1591179 | na. n.a. [10]
AP-PE-spatial-ALD | BDEAS/N, DBD 200 | 1.52|0.19 | 1.87 1.34 47 [13.9 35x 107 | This work

a = value estimated assuming linear decrease from 37.5 at.% H at 100 °C to 13.9 at. % at 500 °C.
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Since carbon incorporation within the bulk of the SiN_films originates either from incomplete remov-
al of the precursor’s ligands or from redeposition effects, one can expect that atmospheric-pressure
spatial ALD using precursors with better exchangeable ligand groups such as BTBAS, or carbon-free
precursors such as trisilylamine or neopentasilane will result in much lower carbon contaminations thus
further improving the SiN_quality. Alternatively, a dual-plasma approach with an H,/N, plasma exposure
followed by an N, plasma can be developed in order to drive out even more carbon.

Regarding the hydrogen content, a direct comparison could not be made because of the different
measurement methods present in the literature: infrared spectroscopy and elastic recoil detection.

When comparing the different vapor phase deposition methods listed in Table 1, a clear difference
can be observed between the deposition rates at atmospheric-pressure and those at low-pressure. For
atmospheric pressure PE-CVD much higher deposition rates have been reported compared to low-pres-
sure PE-CVD, likewise atmospheric-pressure spatial ALD can afford between ~8 to 42 times higher
deposition rates than temporal ALD, which almost approach the ones obtained by PE-CVD. Finally, it
should be noticed that by optimizing the spatial ALD reactor design even higher deposition rates may
become accessible.

4. Conclusions

A world-first low-temperature (s 250 °C) atmospheric-pressure spatial ALD process for SiN, has been
developed, which can reach comparably low oxygen atomic percentage as those obtained by low-pres-
sure temporal ALD processes based on similar chemistries. At the same time, deposition rates up to 42
times higher than temporal ALD were measured, i.e. 1.5 nm/min, thus almost approaching the deposi-
tion rates of low-pressure PE-CVD processes.

With the current reactor configuration we show that the N, plasma step has a strong impact on the re-
sulting layer composition and that short plasma exposure and cycle times lead to low oxygen contents.
We speculate that this may be due to O, and H,0 traces being present as impurities in the background
ambient and in the N, gas lines, or due to plasma-induced outgassing of the ceramic elements of the
DBD plasma source. Whilst carbon contamination still remains a concern for the current process, we
foresee that different precursor chemistries will lead to improved film composition and that especially
N, purifiers will allow for obtaining SiN, compositions that are less dependent on plasma exposure.
Such independency will probably be a prerequisite prior to testing the atmospheric-pressure spatial ALD
process on high-aspect ratio structures.

We believe that the results presented in this work will enrich the toolbox of spatial ALD processes
and open pathways for high-throughput spatial ALD of silicon nitrides, and other relevant nitrides like
titanium nitride, at atmospheric pressure, thus making it compatible with sheet-to-sheet, roll-to-roll as
well as semi batch-type of reactors for high-throughput atomic-level processing.
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