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Abstract
Silicon nitride (Si3N4) films have received great attention not only as dielectric materials
for the gate dielectric of transistors and the insulator of capacitors, but also as a buffer layer
and etch-stop layer for the semiconductor industry. As the applications of Si3N4 film increase,
the necessity of investigating a novel deposition process applicable at low temperature has
emerged. In this regard, the plasma-enhanced atomic layer deposition (PEALD) technique is
attractive as a promising process; however, the Si3N4 film deposition process at growth
temperatures less than 150 °C using PEALD has not been investigated. In this work, the
growth behavior and chemistry of SiNx (x<1.33) film deposited by the PEALD process at
various growth temperatures were developed. Insufficient thermal energy from low growth
temperature induces an unstable chemical state of deposited film due to the remaining
unreacted ligand of adsorbed precursors. This state results in a further chemical reaction to
SiO2 formation by air exposure. Other chemical effects depending on chemical composition
and electrical property were also examined in detail.
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Introduction
Silicon nitride (Si3N4) thin film has been widely used in the semiconductor industry as a
dielectric film for metal-insulator-metal capacitors and gate dielectric for transistors due to its
higher dielectric constant,[1] as well as a buffer layer or an etch-stop layer due to its robust
chemical property.[2] According to wide applications of Si3N4 film, a lot of studies about
deposition process have been investigated,[3-6] such as chemical vapor deposition (CVD)[7]
and thermal atomic layer deposition (ALD) techniques.[8-10] However, a novel deposition
technique that can meet requirements of low deposition process temperature for utilizing
functional materials like polymers[11] and implementing thin and conformal film deposition
for sub 10-nm device application

are still needed. In this regard, the plasma-enhanced

atomic layer deposition (PEALD) technique is a promising deposition process due to its
excellent step coverage, ability to deposit uniform thin film, and concise composition
controllability from its layer-by-layer film deposition manner.[12] Most of all, the PEALD
technique allows a sufficiently low deposition process temperature by enabling the high
chemical activity of reactants through a plasma assistant.[13, 14] In addition, the plasma
bombardment effect aids in obtaining more dense film. Nonetheless, to the best of our
knowledge, the Si3N4 thin film deposition process by PEALD at a low growth temperature
less than 100 °C has not been demonstrated.[12, 15-17] Moreover, thorough investigations
about the film deposition reaction mechanism and analysis on the property of deposited film
have not been developed.
Herein, we report the result of a systematic analysis on Si3N4 film deposition behavior
using PEALD at various process temperature conditions and its chemical and electrical
properties employing various analysis techniques. The PEALD process condition for Si3N4
film deposition was evaluated using di-isopropylaminosilane (DIPAS) as a Si precursor[14]
and N2 plasma as a reactant. While the SiNx film deposited at 250 °C has chemically stable
properties, the film deposited at a process temperature less than 150 °C exhibited a change in
stoichiometry with air exposure at room temperature due to its unstable chemical properties.
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Based on the various analyses, the chemistry of the deposited film at low growth temperature
was revealed.

Experimental
SiNx (x=1~2) films were deposited directly on a Si substrate using DIPAS (DNF Co. Ltd.)
and N2 plasma as precursors for Si and N, respectively, using a 6 x 6 inch rectangular shaped
ALD reactor (ISAC Research Inc.). The precursor and reactant gas were transmitted with a
carrier gas laterally through the sample stage in the chamber, and the plasma was applied
vertically. The molecular structure of DIPAS has one silane group with one amino group
including one nitrogen atom and two isopropyl groups (Fig. 1(a)). The precursor DIPAS was
stored in a stainless-steel canister without any heating because of its high vapor pressure (106
Torr at 55 °C). The plasma was generated with a radio frequency (RF) of 13.56 MHz by
capacitive coupled plasma (CCP), which was directly applied between the upper electrode
and lower electrode (sample stage with heaters). N2 (purity of 99.9999%) gas was employed
as a carrier gas and was also used in the N2 plasma pulse step for silicon nitride deposition.
The PEALD cycle consisted of four steps of Si precursor dose, purging with N2 gas, applying
N2 plasma, and purging with N2 gas (Fig. 1(b)). The process working pressure was set to 770
mTorr with a N2 gas flow rate maintained at 500 sccm, and the growth temperature was
changed from 60 to 250 °C.
The film thickness and refractive index of the SiNx film were measured by spectroscopic
ellipsometry (SE, Ellipso Technology Co., Ltd.). The surface morphologies of the films
were examined using atomic force microscopy (AFM, X-100, Park Systems). The chemical
compositions of the films were characterized using Auger electron spectroscopy (AES,
PHI700Xi installed at the Hanyang Center for Research Facilities(Seoul), Physical
Electronics), and X-ray photoemission spectroscopy (XPS, theta probe base system installed
at the Hanyang Center for Research Facilities(Seoul), Thermo Fisher Scientific Co.). AES
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depth profiling was performed by Ar+ ion sputtering accelerated at 0.5 keV, with an incident
angle of 70°. The chemical bonding state of the films was characterized by Fourier-transform
infrared spectroscopy (FT-IR, Nicolet iS50 installed at the Hanyang Center for Research
Facilities(Seoul), Thermo Fisher Scientific) and XPS.

Results and discussion
The ALD saturation behavior of SiNx film growth was evaluated when DIPAS and N2
plasma were adopted as a Si precursor and nitrogen source, respectively. Figure 2 exhibits the
change in growth rate and refractive index (RI) as a function of Si precursor dose and plasma
exposure time in the SiNx PEALD process sequence with a process temperature of 100 °C.
The process sequence consisted of Si precursor dose – N2 purge – N2 plasma exposure – N2
purge. The N2 purge step after the Si precursor dose and N2 plasma exposure were fixed to 15
and 5 s, respectively. With a N2 plasma exposure time of 10 s, Si precursor dose times greater
than 0.1 s exhibited a saturated growth rate and RI of 0.041 nm/cycle and 1.71, respectively.
For N2 plasma exposure time, the saturated PEALD growth behavior was observed over 10 s
N2 plasma exposure time, where the Si precursor dose time was 0.1 s. From the above results,
the process sequence for saturated ALD growth behavior of SiNx is Si precursor dose – Ar
purge – N2 plasma exposure – Ar purge of 0.1, 15, 10, and 5 s, respectively. The growth
behavior of SiNx film with various process temperatures was also examined. A typical growth
behavior of ALD, an increase in film thickness proportional to the deposition cycle, was
observed at the process temperatures of 60, 100, and 250 °C (Fig. 3(a)). However, the growth
rate of SiNx film exhibited different values with respect to the process temperature. The
growth rate, calculated from each plot in Fig. 3(a), was decreased from 0.041 nm/cycle to
0.026 nm/cycle with an increase in process temperature from 60 to 250 °C (Fig. 3(b)).
Moreover, the change in growth rate with respect to the process temperature exhibits two
separate regions; the slope of the plot in Fig. 3(b) was changed from 60-150 °C to 1504

250 °C. Relatively higher growth rate in the lower process temperature region implies
contribution of the kinetics of precursor adsorption on the surface, such as condensation of
the precursor at the surface. The calculated activation energy, 0.293 and 0.454 eV for the 60150 °C and 150-250 °C regions, respectively, also indicates that different kinetic attributes
change the growth rate with respect to the process temperature. In this regard, the RI of the
deposited film also changed with respect to the process temperature. The RI values of the
samples were relatively less than that of the SiN film,[18] indicating that the deposited SiNx
film has different stoichiometry and chemistry compared to the Si3N4 film deposited at high
process temperature > 600 °C. However, an observed trend of the RI increasing with
increasing process temperature means the density of the deposited SiNx film improved with
increasing process temperature. As the SiNx film deposited at low process temperature
exhibits poor film properties and adsorption and condensation of Si precursor influences the
activation energy of film growth, there is an insufficient chemical reaction of DIPAS and N2
plasma. While the adsorbed amount of Si precursor increased at a low process temperature,
the kinetics of the chemical reaction of DIPAS and N2 plasma was retarded, resulting in
deposition of SiNx film with improper stoichiometry. Consequently, the chemistry of the SiNx
film deposited below 150 °C was derived from adsorption of the Si precursor, not from the
chemical reaction of the Si precursor and N2 plasma, resulting in relatively higher growth rate
and lower film density than those of SiNx film deposited at 250°C. Moreover, the roughness
of the deposited film was influenced by the process temperature. The root-mean-square (rms)
roughness worsens as the process temperature decreased (Fig. 4) because the decreased
nuclei density at initial stage of film deposition by retarded chemical reaction at low process
temperature results in island growth behavior.[19]
Furthermore, a change in chemistry of the deposited film by air exposure was evaluated to
clarify the kinetics of the chemical reaction with respect to the process temperature. Figure 5
shows the composition depth profile of the deposited films with the process temperature of 60,
100, and 250 °C, at conditions of as-deposited and after air exposure for seven days,
respectively, by AES. To prevent any change from air exposure during sample handling and
analysis, a 10 nm Al2O3 capping layer was deposited on top of the SiNx film in-situ for the asdeposited analysis condition samples. The penetrated Al content in the SiNx films was
negligible. In the case of 250 °C (Fig. 5(c)), no change in the depth profile of atomic
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concentration after air exposure was observed. At the as-deposited state, values of the atomic
concentrations of Si and N in the film were similar to ~35 at.%, which indicates the N/Si ratio
of deposited SiNx film at 250 °C was approximately 1. However, the concentration of
impurities, such as C and O, was too high at > 10 at.%. This high impurity concentration is
supposed to be the reason for a low RI. The depth profile of the atomic concentration is
nearly identical for the sample after the seven-day air exposure. In contrast to the 250 °C
sample, the depth profiles of the SiNx films deposited at 60 and 100 °C significantly changed
after air exposure. At the as-deposited state, the depth profiles of the 60 and 100 °C samples
exhibited composition nearly identical to that of the 250 °C sample. The atomic concentration
of Si was ~30 at.%, and N was incorporated homogeneously at 28 at.%. The concentration of
the C and O impurity was also ~20 at.%. After air exposure for seven days, however, the
concentration of N decreased to < 5 at.%, and the concentration of O increased to 60 at.%,
simultaneously. From the atomic concentrations of Si, O, and N, the film after air exposure
has a stoichiometry of SiO2. The RI of the films changed to 1.46, which corroborates with the
reported RI value of SiO2, implying that the SiNx film deposited at 60 and 100 °C changed to
SiO2 by the air exposure. Moreover, the C concentration decreased to < 5 at.%, which did not
appear at 250 °C. Therefore, these results suggest that different chemical reaction
mechanisms contributed to SiNx film deposition depending on the process temperature, < 150
> 150 °C. FT-IR analysis was conducted (Fig. 6) to elucidate the change in the chemical
bonding state of SiNx film deposited at 100 °C during air exposure. In the as-deposited state,
the peak at a wavenumber of 2183 cm-1 corresponding to the Si-H was observed,[20] which
likely originated from the chemical bond of the ligand in the Si precursor. In other words, the
peak at 2183 cm-1 with strong intensity implies that the chemical reaction involved in the
SiNx film deposition at 100 °C is the adsorption and condensation of Si precursor on the
substrate, not by the chemical reaction of the Si precursor and N2 plasma. This peak, which
corresponds to the unreacted Si precursor, disappeared with air exposure. In contrast, the
peaks at 447[21] and 1060 cm-1 [22] corresponding to the Si-O-Si bond appeared, and the
intensity gradually increased with increasing air exposure time. Based on the above results,
the process temperature of 100 °C was insufficient to induce the chemical reaction of DIPAS
and N2 plasma to deposit SiNx film, resulting in condensation of the adsorbed Si precursor.
Hence, the SiNx film deposited at < 150 °C has unstable chemistry, which originates from the
6

unreacted ligand of the Si precursor. The increased growth rate at the process temperature <
150 °C is consistent with this assumption; the amount of adsorbed Si precursor after
conducting the purge step increased due to the condensation of precursor by insufficient
thermal energy for inducing desorption of Si precursor, the resulting film growth rate
increased with decreasing process temperature. Therefore, the SiNx film can react with the
oxygen source, such as H2O, in air, resulting in the formation of SiO2 film with air exposure.
The chemistry change of the SiNx film by air was further confirmed with XPS analysis.
Figure 7 shows the XPS spectra of the 2p core level of Si, 1s core level of O, and 1s core
level of N for SiNx films deposited at 150 and 250 °C in the as-deposited state and after seven
days air exposure, respectively. The Si 2p XPS spectra of the samples of 150 °C as-dep,
250 °C as-dep, and 250 °C after seven days air exposure were comprised of a Si 2p3/1 peak
centered at a binding energy of 101.8 eV, which corresponded to the binding energy of the SiN bonding.[23] The 150 °C as-dep SiNx film also exhibited Si-N bonding, which probably
originated from Si-N bonding in the Si precursor, DIPAS (Fig. 1), indicating condensation of
the Si precursor on the substrate. Due to its unstable chemistry, the sample of SiNx deposited
at 150 °C and under air exposure for seven days exhibited significant change in the spectra.
The binding energy of the peak shifted to 103.0 eV, which corresponds to SiO2,[24]
indicating that the chemistry of the film changed to that of SiO2. This behavior strongly
corroborated results obtained from the AES and FT-IR analysis. The spectra of O 1s and N 1s
also suggests the change in chemistry in the SiNx film at 150 °C by air exposure. In the O 1s
spectra, the sample of 150 °C as-dep, 250 °C as-dep, and 250 °C after seven days air
exposure exhibited only the peak located at the binding energy of ~532.2 eV, which might
correspond to surface adsorbed oxygen species. However, a peak with relatively strong
intensity at 532.6 eV, corresponding to SiO2,[25] was observed for the 150 °C after seven
days air exposure sample. From the N 1s spectra, the peak at 397.6 eV corresponding to Si-N
bonding,[26] was not observed for 150 °C after seven days air exposure, and only peaks at
398.5 and 401.1 eV, likely corresponding to C-N bonding,[27, 28] were observed. These C-N
bonding peaks were also observed in the spectrum of the 150 °C as-dep sample (left shoulder
in the spectrum), indicating that they originated from the ligand of the Si precursor. The
spectra of the sample deposited at 250 °C was not changed even after seven days air exposure,
meaning that the film deposited at 250 °C has stable chemistry, and no chemistry change was
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induced by air exposure, as described in the above results. The spectra of the 150 °C as-dep
sample were nearly identical to those of the 250 °C samples. However, the origins of Si-N
bonding observed in the Si 2p and N 1s spectra were different. The Si-N bonding observed
for the 250 °C samples originated from the chemical reaction of Si precursor and N2 plasma;
hence, there was no chemical change caused by air exposure. In contrast, the Si-N bonding in
the 150 °C as-dep sample originated from unreacted and adsorbed Si precursor. Due to its
unstable chemical state, the reaction with ambient air was facile, resulting in disappearance of
the Si-N bond. Consequently, the change in XPS spectra indicates that the chemistry of the
SiNx film deposited at 150 °C changed to that of SiO2 film by air exposure.
Finally, changes in the physical thickness of the film and RI value were investigated with
respect to the process temperature and time of air exposure. In the case of the 200 and 250 °C
process temperatures, no change was observed during 100 h of air exposure, which is
consistent with the results obtained from various chemical analyses. However, samples
deposited below 150 °C exhibited a typical change of increasing physical thickness of 20%
and decreasing RI value of 10 %, simultaneously. The decreased RI value was 1.47, which
was identical to that of the SiO2 film. Moreover, the changing behavior exhibited a saturation
value, and the sample deposited at lower process temperature reached saturation earlier. The
saturation time needed for change of the sample deposited at 60, 100, and 150 °C was 3,
24.5, and 96 h, respectively, as shown in Fig. 8. This indicates that a lower process
temperature induces a more unstable chemical state of deposited SiNx film, resulting in a
more facile change to SiO2 film with air exposure.

Conclusion
The deposition behavior and chemical states of deposited SiNx film using PEALD at a low
growth temperature with DIPAS and N2 plasma as precursors were examined in detail. The
film grown at 250 °C exhibited a stoichiometric chemical composition of SiN and stable
chemical properties. However, the chemical composition of the film deposited at a growth
temperature less than 150 °C changed from SiNx (x<1) to SiO2 with air exposure, even
though the growth behavior was typical saturation behavior. The mechanism of this behavior
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revealed from XPS and FT-IR analyses indicated that the unreacted precursors, which were
incorporated in the films as an adsorbed state due to low growth temperature, could react with
an ambient in air, resulting in formation of SiO2.
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Figure Captions
Figure 1. (a) Molecular structures of DIPAS. (b) PEALD SiNxOyCz process sequence that
consists of Si precursor dose, N2 purge, N2 plasma, and N2 purge.
Figure 2. Growth rate and refractive index of the PEALD SiNx films at 100 ℃ as a function of
(a) Si precursor dose time and (b) N2 plasma exposure time. The N2 plasma exposure time
was fixed at 10s in (a), and the Si precursor dose time was fixed at 0.1s in (b), with a fixed
RF power density of 0.89 W/cm2 (200W).
Figure 3. (a) Growth rate and RI of SiNx thin film as a function of deposition temperature. (b)
Arrhenius plot of (a).
Figure 4. Roughness of SiNxOyCz film surface deposited at 60, 100, and 250 ℃ as measured
by AFM.
Figure 5. Depth profile plots of the atomic concentration of 40 nm SiNx film deposited at (a,
b) 60 ℃, (c, d) 100 ℃, and (e, f) 250 ℃ for the (a, c, e) as-deposited state and (b, d, f) after
seven days of air exposure, respectively, by Auger electron spectroscopy.
Figure 6. Change in chemical bonds of SiNxOyCz film deposited at 100 ℃ as a function of air
exposure measured by Fourier transform infrared.
Figure 7. XPS spectra of (a) Si 2p, (b) O 1s, and (c) N 1s for SiNx films of 150 ℃ asdeposited, 150 ℃ after seven days air exposure, 250 ℃ as-deposited, and 250 ℃ after seven
days air exposure.
Figure 8. (a) Thickness and (b) RI variation as a function of air exposure time. Films were
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deposited at various temperature (60-250℃).
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