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The requirements on the material properties and growth control of silicon nitride (SiN,) spacer
films in transistors are becoming ever more stringent as scaling of transistor structures continues.
One method to deposit high-quality films with excellent control is atomic layer deposition (ALD).
However, depositing SiN, by ALD has turned out to be very challenging. In this work, it is shown
that the plasma gas residence time 7 is a key parameter for the deposition of SiN, by plasma-
assisted ALD and that this parameter can be linked to a so-called “redeposition effect”. This previ-
ously ignored effect, which takes place during the plasma step, is the dissociation of reaction prod-
ucts in the plasma and the subsequent redeposition of reaction-product fragments on the surface.
For SiN, ALD using SiH,(NH'Bu), as precursor and N, plasma as reactant, the gas residence time
7 was found to determine both SiN, film quality and the resulting growth per cycle. It is shown that
redeposition can be minimized by using a short residence time resulting in high-quality films with
a high wet-etch resistance (i.e., a wet-etch rate of 0.5 nm/min in buffered HF solution). Due to the
fundamental nature of the redeposition effect, it is expected to play a role in many more plasma-
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assisted ALD processes. © 2015 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4926366]

Silicon nitride (SiN,) is one of the most widely used
thin-film materials in many areas such as semiconductor
technology, photovoltaics, and displays—due to its unique
combination of optical, electrical, mechanical, and chemical
properties.! One of its key applications in semiconductor
technology is as spacer films in transistors where the SiN,
serves multiple roles such as a barrier film and masking ma-
terial. For this application, the requirement of uniform mate-
rial quality and film thickness throughout the device,
independent of transistor pitch, is becoming ever more rigor-
ous as miniaturization of the transistor structures continues.
One method to deposit high-quality thin films with excellent
control is atomic layer deposition (ALD). However, despite
the many advances in ALD, depositing SiN, by ALD has
turned out to be very (:hallenging.]_6 This is especially the
case when low impurity levels and low wet-etch rates are
required, combined with the need to be deposited at low sub-
strate temperatures (<400 °C) from halide-free precursors.’
Similar as for other nitride ALD processes, plasmas can be
used during the reactant step to increase the surface reactiv-
ity.” Nonetheless, even with the high reactivity of the
plasma, long plasma times are required to avoid high impu-
rity contents. Other process parameters which are generally
identified as key for ALD of nitrides are the substrate tem-
perature and the plasma gas pressure.’” However, little is
known about the underlying physical processes that deter-
mine the film quality. Hence, research efforts are carried out
to identify the most important parameters and underlying
processes and to find routes towards better nitride ALD
processes.
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In this letter, we will show that the gas residence time t
during the plasma step is a key parameter for depositing
high-quality SiN, by plasma-assisted ALD and that this pa-
rameter can be linked to the so-called “redeposition effect”.
This effect is the dissociation in the plasma of reaction prod-
ucts released from the surface and the subsequent redeposi-
tion of reaction-product fragments on the surface. These
fragments can be incorporated in the film, increasing impu-
rity levels and affecting the growth of the SiN, films. Due to
its general nature, it is expected that the redeposition effect
is of significance for a wide range of plasma-assisted ALD
processes.

The SiN, ALD process used in this work employed
SiH,(NH'Bu), (BTBAS) as precursor and N, plasma as reac-
tant. The details of the process will be reported in a separate
publication,® and therefore, only the general characteristics
are discussed here. Briefly, the depositions were carried out
using a remote plasma ALD reactor (Oxford Instruments
FlexAL®).” The precursor SiHy(NH'Bu), (BTBAS, purity
>98.5%, Air Products Inc.) was held at a bubbler temperature
of 50°C and vapor drawn into the reactor. The reactor was
equipped with a remote inductively coupled (ICP) plasma
generator, which was operated at 600 W at 13.56 MHz using
N, (purity 99.9999%) and Ar (purity 99.999%) as plasma
gasses. A butterfly valve controlled the effective pumping
speed. During precursor dosing and the subsequent reaction
step, this valve was set to 10° to maximize precursor usage.
During purging steps, the valve was set to 90° valve position
for maximum pumping. Based on the saturation curves deter-
mined for precursor dose and plasma exposure,® the following
recipe was chosen as a standard: 1s delivery line purge,
150ms BTBAS dose time, 3s reaction time, 1s precursor
purge time, 2s pre-plasma time, 10s plasma exposure time

© 2015 AIP Publishing LLC
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TABLE I. The growth per cycle (GPC), refractive index at 2eV, and composition of SiN, films of ~40nm thickness deposited at various substrate table tem-
peratures and plasma conditions. Typical error margins are indicated for the first value in each column. A dash indicates “not measured.” A change in used pa-

rameters compared to the first line is indicated in bold.

XPS
Table Plasma Plasma GPC Refractive ERD
temperature (°C) pressure (mTorr) time (s) (A) index N/Si ratio [C] at. % [O] at. % [H] at. %
200 40 10 0.32 +0.02 1.83 =0.03 1.7%0.1 9+1 5+1 10.9+0.5
200 40 15 0.28 1.86 1.7 8 5 9.6
200 13 10 0.24 1.91 1.6 6 5
400 40 10 0.16 1.96 1.5 2 4 54

using 100 sccm N, flow at 40 mTorr plasma pressure, and 1s
plasma purge time. These settings were used unless men-
tioned otherwise. The experiments were carried out at various
substrate table temperatures ranging from 200°C up to
400 °C.

To first understand the general behavior of the SiN, ALD
process, the material properties as a function of temperature
and plasma conditions are considered as shown in Table I.
All conditions result in SiN, films with some C, O, and H
impurities. There is a small decrease in C and H content with
plasma exposure time for deposition at 200 °C. Deposition at
a lower pressure of 13 mTorr instead of 40 mTorr shows that
a decrease in plasma pressure can further improve the mate-
rial properties although there is still a measurable C impurity
content. At a high table temperature of 400 °C, the properties
are closest to those of low impurity, stoichiometric silicon
nitride. Next, we will illustrate how the persistence of the C
content at a deposition temperature of 200 °C is caused by
dissociation of reaction products in the plasma, and redeposi-
tion of C-containing species onto the surface.

The first indication of redeposition comes from the opti-
cal emission from the plasma during the ALD cycle. During
the plasma step, the plasma not only consists of the feed gas
but also of reaction products released from the surface.
These reaction products will be dissociated in the plasma as
long as they are present. This can be observed in Fig. 1(a)
which shows that the plasma feedstock species yield a rela-
tively constant emission signal while the signal from the dis-
sociated reaction products (e.g., CN emission) is time-
dependent. The fragments of the reaction products can rede-
posit on the surface as illustrated by the schematic in Fig.
1(b). The time for interaction between the reaction products
and the plasma depends on the gas residence time 7, which is
a measure of how long species remain in the reaction cham-
ber before being flushed out. The residence time is given by
the expression T =V/q, where V is the effective volume of
the reactor and ¢ is the volumetric flow rate through that vol-
ume (or effective pumping speed).'® The larger ¢, the faster
species are flushed out of the reactor. The presence of CN
emission and also the presence of species, such as HCN,
C5Hg, and C;N, (not shown) as measured by mass spectrom-
etry, show the interaction of the plasma with the reaction
products and the formation of new species. Note that redepo-
sition processes and removal of redeposition from the sur-
face are continuous. Species that redeposit on the surface can
be again removed by the plasma, but once in the plasma,
they can again dissociate and redeposit as long as they are
not flushed out.

A similar effect was proposed in our previous work for
plasma-assisted ALD of TaN, using Ta(NMe)s as precursor
and H, plasma as reactant.'" For this process, a slow removal
of C impurities from the film during the plasma exposure
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FIG. 1. (a) Optical emission signals during a 100 mTorr N, plasma exposure
step following the precursor exposure in the cycle. A constant signal is
observed for plasma feedstock species (here illustrated for N, emission at
337nm (C 3]_[,4 — B 3Hg)), and a time-dependent signal is observed for
dissociated reaction products (here illustrated for CN" emission at 388 nm
B 22 — X 2Z)).14 Note that the emission fluctuation during the start-up of
the plasma exposure can be assigned due to plasma matching effects which
indicate the large influence of the released reaction products on the plasma
composition. (b) Schematic illustration of the redeposition process. During the
plasma exposure step, precursor ligands are liberated from the surface and
enter the gas phase. These reaction products can dissociate in the plasma (e.g.,
by electron impact) leading to reactive species which can redeposit on the sur-
face. The extent of the redeposition will depend on the gas residence time 7.
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was explained by dissociation of reaction products (such as
CH,) in the plasma, and their subsequent redeposition.

To clearly demonstrate the presence of the redeposition
effect, several experiments with different T values but con-
stant plasma exposure times were performed for the SiN,
ALD process. In these experiments, T was varied by chang-
ing the total gas flow and the set pressure (controlled by the
butterfly valve). High gas flows were achieved by adding Ar
to the N, plasma gas. A clear effect of redeposition is
expected at 200°C where a change in plasma pressure
showed a large difference in refractive index as was shown
in Table 1. Figure 2(a) shows that for films deposited at
200 °C using 10s plasma exposure and with various total gas
flows and gas pressures, the refractive index increases with
decreasing t. Note that other effects associated with low
pressure, such as a change in energy of ions impinging on
the surface, appear secondary to the effect of low residence
time and do not show a one-to-one influence on the refractive
index. For instance, a pressure of 20 mTorr at a gas flow of
40 sccm leads to a lower refractive index than 40 mTorr at
100 sccm, even though the ion energies will be higher at 20
mTorr. Apparently, the ions, with energies estimated at
<15¢eV for the entire pressure range, have a much smaller
effect than the residence time.”'* A similar trend with  can
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FIG. 2. Material properties as a function of plasma gas residence time t for
SiN, films deposited at 200 °C and 400 °C using 10s N, plasma exposure at
various total gas flows and plasma gas pressures. The films had a thickness
of 20nm or higher. (a) Refractive index at 2eV for SiN, films deposited at
200°C. (b) Oxygen and carbon impurity content and (c) wet-etch rates in
BHEF for SiN, films deposited at 400 °C. For the buffered etch, a stock solu-
tion was used of a 7:1 volume ratio of 40% NH,F in water and 49% HF in
water. The various gas flows are indicated in the legend and the data points
are labeled with the associated gas pressures. The lines serve as a guide to
the eye.
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be observed for the impurity levels for films deposited at
400°C as shown in Fig. 2(b), even though the effect on re-
fractive index is relatively small at this temperature (data not
shown). Here, both the oxygen and carbon impurity levels
decrease monotonically with decreasing t, while the material
properties do not show a clear dependence on pressure. Note
that besides the faster removal of redepositing species at
short 7 values, also the faster removal of background impur-
ities could contribute to lower oxygen levels. For instance,
background water released from the reactor walls is removed
faster at short 7 values, leading to lower water levels during
the plasma exposure. The improvement of the material qual-
ity at short 7 values can have a direct influence on the appli-
cation of these films. Figure 2(c) shows for instance that the
wet-etch rates of the films correlate clearly with 7. The wet-
etch rate is a key parameter for several applications of ALD
SiN, films including the application of SiN, as spacer materi-
als in transistors.

Another consequence of the redeposition can be
observed for the growth per cycle (GPC), especially for mod-
erate to low temperatures where refractive index and film pu-
rity are affected most. Figure 3(a) shows that the growth per
cycle (GPC) at 200 °C shows an unusual trend as a function

o
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FIG. 3. (a) Growth per cycle (GPC) as a function of N, plasma exposure
time for SiN, films deposited at 200 °C and three different plasma gas resi-
dence times (t=0.44s, for 100 sccm N, at 40 mTorr; T=0.15s, for 100
sccm N, 4200 scem Ar at 40 mTorr; and T=0.09 s, for 100 sccm N, + 200
sccm Ar at 24 mTorr). The lines are fits to the expression given in (a). (b)
The values of the time constants 74 and 7z extracted from the fits in (a) as a
function of residence time 7. The solid lines are linear fits to the data points.
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of plasma exposure time. First, there is a rapid increase in
GPC and then a slow decrease. When comparing curves for
plasmas with different t values, it becomes clear that the
overshoot in GPC can be assigned to redeposition. The con-
tribution by redeposition decreases when using lower 7 val-
ues, and the effective rate of removal of the redeposition (the
decrease of the GPC after the overshoot) is faster as well.
The trend of the GPC with plasma exposure time can be fit-
ted with a relatively simple two-term exponential decay
function,'® where the first part (A) of the function can be
assigned to the normal ALD behavior during the plasma ex-
posure step (i.e., creation of reactive sites for precursor
adsorption), and the second part (B) of the function can be
assigned to redeposition (i.e., the combined effect of redepo-
sition of dissociated species and the subsequent removal
again from the surface by the plasma). As expected, for
lower 7 values this component B is strongly reduced because
less redeposition takes place under these conditions in the
first place. When the GPC curves are fitted for three t values,
the resulting time constants can be plotted as a function of t
(Fig. 3(b)). The time constant of component A does not
depend on 1, while the time constant of component B
increases linearly with 7, which is directly in agreement with
the mechanism illustrated by the schematic of Fig. 1(b). This
means that the rate of the redeposition component scales
with 7. The time constant of component A, in turn, purely
depends on the flux of reactive species. Note that one has to
consider changes in plasma parameters when varying the res-
idence time. The fact that 74 is constant shows that our
method of varying 7 (adding gas and changing pumping
speed) has minimal effect on initial saturation and therefore
on the flux of reactive species. In general, the effect of T on
the GPC as function of plasma exposure shows that redeposi-
tion processes make the resulting film thickness more de-
pendent on the received flux of reactive species. Therefore,
even after initial saturation (described by component A), var-
iations in flux over the wafer and in trench structures can
have an effect on film uniformity and conformality due to
redeposition.

In conclusion, redeposition has been identified as a key
process for plasma-assisted ALD of SiN, determining both
the film growth and the material quality. Redeposition can
be controlled by the gas residence time t during the plasma
step as it directly determines how fast the reaction products
are flushed out of the reactor. The faster the reaction prod-
ucts are flushed out, the less chance they have that they rede-
posit on the surface. This will generally lead to higher film

Appl. Phys. Lett. 107, 014102 (2015)

quality as shown by higher refractive index values and lower
impurity levels. Consequently, for low 7 values, SiN, films
with low wet-etch rates of 0.5 nm/min in buffered HF solu-
tion were obtained. Besides obtaining low t values by only
increasing the effective pumping speed, which would lead to
low pressures, T can also be relatively low even at moderate
pressures when using high gas flows. These conditions could
be favorable for sensitive devices where low pressure plas-
mas can lead to plasma damage due to ion bombardment or
energetic plasma radiation. Since ligands are removed during
the plasma step for basically all plasma-assisted ALD proc-
esses, the dissociation of these reaction products in the
plasma and the subsequent redeposition could play a role in
a wide range of ALD processes.
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