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HIGHLIGHTS

GRAPHICAL ABSTRACT

e Wet etching behavior in HF solution of
PECVD thin films not linearly correlated
to hydrogen concentration.

o Differences between Si-H and N-H bond
densities are indicative of a different
acid corrosion resistivity.

e Role of oxygen impurities on etching

behavior, especially at the highest HF
concentration.

e Similar film composition and compara-
ble WER after annealing.

o A straightforward and simple procedure
to measure film thickness by FT-IR data
is provided.

ABSTRACT

Hydrogenated silicon nitride (SiNx:H) thin films are deposited by plasma-enhanced chemical vapor deposition (PECVD) using different gas mixtures of
SiH4+NH3+N3 or SiH4+N2 and plasmas conditions. Resulting differences in terms of overall film composition are herein associated with wet etch rate (WER) in
hydrofluoric acid (HF). Different acid concentrations, as well as etching temperatures, have been investigated and it is demonstrated that not only hydrogen but also
the oxygen content of nitride have a strong impact on film chemical resistivity. The role of annealing of nitride layers is also studied in terms of wet etching response
and further elucidates the role of crystalline structure and chemical evolution of oxidized components on HF nucleophilic attack mechanism. Samples have been
characterized by Field Emission-Scanning Electron Microscopy (FE-SEM), X-rays Photoelectron Spectroscopy (XPS), Fourier Transform Infrared Spectroscopy (FT-IR),
and X-Ray Diffraction (XRD). The WER is measured by implementing a fast and straightforward FT-IR data treatment.

1. Introduction

Si3Ny4 has found application in a plethora of fields, from orthodontics,
and metallurgy to the realization of parts for the aviation, energy, and
mechanical industries. The SigNy is suitable in semiconductor device
manufacturing as a passivation sacrificial layer [1-3], hard mask [4],
implantation spacers [5,6], for the realization of optoelectronic/CMOS
devices [7,8], and various other applications.
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The recent interest in high electron mobility transistors (HEMTSs)
based on III-V compounds requires the use of silicon nitride dielectrics at
the AlGaN/GaN interfaces to minimize 2 DEG electron capture in AlGaN
causing DC-to-RF current dispersion [9-11]. The thin film of SigNy
deposited by CVD is extremely useful as a passivation layer in electronic
devices due to the higher relative dielectric constant (¢ = 6-9) as
compared to the values measured for silica films [12]. In the semi-
conductor industry, a broad range of deposition recipes to deposit silicon
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nitride films is available, depending on several deposition methods used
for different applications, such as CVD [13,14], PECVD [14,15], LPCVD
[14,15], APCVD [16,17]. Among them, LPCVD uses high deposition
temperature and results in almost stoichiometric SigN4, whereas PECVD
operates at a lower temperature (~400 °C) using a plasma source, thus
resulting in higher N/Si ratios, lower film densities, and higher
hydrogen content than LPCVD deposited films [15,18]. PECVD is the
most commonly used method to deposit low-temperature silicon nitride
for HEMTs: typical gases used as precursors for silicon nitride de-
positions are SiH4, NH3 and N and, accordingly, by varying precursor
gases’ composition and flowing speeds as well as plasma conditions,
films with different characteristics are obtained. However, the process
suffers the drawback of a relatively high concentration of hydrogen in
the samples that is associated with low-density films and has an adverse
role on device performances.

Herein we investigate the role of film composition on the wet etch
rate of the nitride layer in hydrofluoric acid (HF) solutions at different
concentrations and temperatures [19]. SiNy:H layers, deposited by
Plasma Enhanced Chemical Vapor Deposition (PECVD), characterized
by different hydrogen content, are etched in hydrofluoric acid solution
(ranging from 0.5 wt% and 5 wt%) to study their wet etch rate (WER) in
hydrofluoric acid (HF) solutions.

Obtained results point to a role of overall film composition on WER
with a crucial role played by H content on selectivity while oxygen
content results more important towards acid concentration. The effect of
nitride annealing on etching behavior is also scrutinized.

2. Materials and methods
2.1. Si3Ny4 deposition

Hydrogenated silicon nitride (SiNy:H) thin films are deposited on
200 mm silicon wafers by plasma-enhanced chemical vapor deposition
(PECVD) using Lam Research VECTOR reactor. Capacity-coupled
plasma is generated between two metal electrodes with dual plasma
excitation frequencies. The main feature of this system is its flexibility
with different RF operation modes. Typically, PECVD deposition is
performed by applying 13.56 MHz High-Frequency RF (HF). Low-
Frequency RF (LF) at 400 kHz can be used in combination with the HF
RF to modulate film properties. In particular, film stress and film density
can be optimized by using the right balance between HF and LF powers.
This is obtained by modulating the ion bombardment with LF power.
The characteristic operating power ranges from 100 to 500 W for HF and
from O to 200 W for LF. The usual pressure range is between 2 and 6
Torr. Gas mixtures of SiH4 + NH3+Nj or SiH4 + N3 are commonly used
and the composition of SiN films strongly depends on the gas mixture
and plasmas conditions. Deposited samples for this work have been
maintained at a deposition temperature of 380 °C under different RF
operation modes (single frequency and dual frequency, for example). Ny
+ SiH,4 gas mixture at a N/SiH4 ratio of about 70 or a combination of Ny
+ SiH4 + NH3 with NH3/SiH4 and Ny/SiH,4 gas flow ratios of about 4.5
and 70 was used for the present study.

2.2. HF etching experiments

Hydrofluoric acid (HF) solutions at different concentrations were
realized starting from a stock solution 48-51 wt% (density = 1.16 g/cm®
(20 °C); Mw = 20.01 g/mol; Sigma-Aldrich). Working solutions were
made by dilution in a 10 mL Teflon beaker with ultrapure water (18.2
MQ cm, TOC 1 pbm, PURELAB Flex 3 by Elga Veolia company). HF
working solutions were prepared at 0.55, 2.19, and 5.44 wt% taking into
account variation of density after dilution. Etching experiments were
performed at 25 °C by submerging diced samples (surface area ~1 cm?)
with the silicon nitride thin layer upward to repress diffusion issues. The
samples were etched after different times (seconds or minutes). Washing
in DI water and N3 flow drying followed by etching in HF solution. The
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working solution was frequently refreshed to avoid reaction byproduct
interference. Characterization analyses were promptly accomplished
before the formation of the native oxide layer.

2.3. Samples thermal annealing

Thermal annealing was performed in a Tersid Carbolite tubular
furnace under a vacuum environment at a pressure of 1.10~! Torr. An
inert atmosphere was induced by Ar gas injection at a flow of 300 sccm.
Annealing experiments were conducted at a temperature of 200 °C,
400 °C, 500 °C, 600 °C, and 700 °C and a heating ramp of 40 °C/min.
The annealing time was set at 30 min. The samples were left to cool
before exposure to the atmospheric environment.

2.4. X-Ray Photoelectron Spectroscopy (XPS)

Elemental and chemical analyses were performed by XPS charac-
terization technique. In particular, the analysis was executed with a PHI
5000 VersaProbe II at a 45 °C take-off angle relative to the surface
sample holder. The X-Ray source was an Al-Ka (1486.6 eV) with a pass
energy of 187.85 eV for the survey and 23.5 eV for the multi-
acquisitions. The chamber base pressure was 1-10~8 Pa. Spectra cali-
bration was executed by fixing the adventitious carbon Cls signal at
285.0 eV. Peak intensity was obtained prior to Shirley’s background
removal following elemental percentage calculation according to the
sensitivity factor reported in the scientific literature [20]. Deconvolu-
tions were executed by XPSPeak 4.1 free software [21].

2.5. Fourier-Transform infrared spectroscopy (FT-IR)

Chemical groups and thin layer thickness measurements were per-
formed via infrared spectroscopic absorption with a Jasco FT-IR 4600
spectrophotometer. Spectra were acquired in the range of 400-4000
cm ™! wavenumber with a resolution of 1 cm ™. Samples of about 1 cm?
were placed in the sample holder to entirely catch the source beam.
Spectra measurements were obtained at room temperature.

The determination of the Si-H and N-H group concentration (bonds/
cm®) was estimated following Equation (1) (X = Si or N):

Peak area

X —H](em™) =
[ ](Cm ) ox_n(cm?) o layer thickness (cm)

Eq. 1

The peak area is calculated from the absorbance spectra, ¢ is the
cross-section of Si-H and N-H bonds having 7.4e107'® cm? and
5.3¢107 '8 cm? values, respectively [22,23] and the layer thickness is
determined as discussed in Appendix A.

2.6. Field-Emission scanning electron microscopy (FE-SEM)

The thin layer thickness measurements, within 10 nm, were also
performed by FE-SEM. The instrumentation is a VP-Supra 550 FE-SEM
(Zeiss) with an electron probe accelerating voltage of 15 kV. The sam-
ples were cut in half with a diamond tip to reveal a thin layer of fresh
lateral surface. Sliced samples were placed in side-view via a dedicated
sample holder. The measurements were in good accordance with other
characterization techniques.

2.7. X-rays diffraction (XRD)

Structural characterization was performed using a Smartlab Rigaku
diffractometer in grazing incident mode (0.5 °) operating at 45 kV and
200 mA equipped with a rotating anode of Cu Ka radiation.

3. Results

Investigated silicon nitride layers are characterized by different op-
tical and mechanical properties (Table 1). PECVD SiN layers deposited
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Table 1

Properties of investigated PECVD nitride and oxynitride samples. The refractive
index was measured at 633 nm. No absorption is detected at the same
wavelength.

Sample Dep. T Thickness Refractive Stress % H*
(O] A Index (MPa)
A 380 2190 2.052 370 12
B 380 2100 1.922 -90 19
C 380 1864 1.974 696 21
SiOxNy 400 2060 1.775 117 25

@ H% is calculated by RBS-ERDA.

at 380 °C are all amorphous (as observed by XRD analysis) and hydro-
genated as indicated by the H% ranging from 12% to 21%. Film stress
was measured by wafer bow changes before and after the deposition of
the silicon nitride layer. The thickness of the layers was measured by
ellipsometry.

Properties of a silicon oxynitride (SiOxNy) layer deposited by PECVD
are reported in Table 1 for comparison: as expected, the refractive index
value is lower (RI ~ 1.7-1.8) than that of silicon nitride (RI ~ 2), due to
the presence of the higher amount of oxygen.

The density of bonded hydrogen, attributed to Si-H and/or N-H
groups, can be easily detected by FT-IR spectroscopy (Fig. 1): the Si-H
stretching mode signal is at ~ 2180 cm™! (Fig. 1 inset) while the N-H
stretching mode appears at ~ 3300 em~L. Si-N stretching mode is
located between 870 cm ™! and 820 cm™!. The formation of a thin layer
of silicon dioxide or silicon oxynitride at the SiN/Si interface is
responsible for the peak at 1100 cm™! detected in the FT-IR spectra,
while the peak at 610 cm™! is related to the silicon substrate. FT-IR
spectrum of the SiOxNy layer is shown for comparison to highlight the
differences with the investigated silicon nitride layers. In particular, the
broadening of the main Si-N peak is a result of the combination of Si-N
and Si-O-Si bonding in the oxynitride layer.

An estimation of the density of N-H and Si-H bonds in the silicon
nitride as-deposited samples, obtained by FT-IR analysis, is reported in
Table 2.

The estimated densities are in good agreement with literature data
[24]: to note, sample B shows a N-H bond density higher than Si-H
whilst in both sample A and sample C the Si-H bond density is similar
to that of N-H (See Table 2). To note, high N-H bond density is associated
with compressive stress (Table 1) [25].

XPS analysis, reported in Table 3, indicates a sub-stoichiometric N/Si
ratio for all the samples and, among them, sample B and sample C are the
nitrogen and the silicon richest, respectively.
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Fig. 1. FT-IR absorbance spectra of PECVD nitride and oxynitride layers. In the
inset, the Si-H absorbance peaks of samples A, B, and C.
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Table 2
N-H, Si-H and total bonded hydrogen density estimated from FT-IR analysis.

Sample [Si-H] (bonds/ [N-H] (bonds/ [N-H] + [Si-H] (bonds/
cm3) cm3) cms)
A 6.38-10% 6.03-10% 1.24.10%2
B 1.64-10% 1.24.10%2 1.40-10%?
C 1.17-10%2 1.02-10%2 2.19-10%2
Table 3

Surface atomic concentration of nitride and oxynitride layers determined by
XPS.

Sample C% Si% N% 0% F% N/Si O/Si
A 12.87 30.92 28.32 27.89 NA 0.91 0.90
B 6.15 32.16 30.52 31.16 NA 0.95 0.97
C 11.57 31.34 23.73 33.35 NA 0.76 1.06
SiOxNy 14.68 28.83 9.36 47.13 NA 0.32 1.63

The high oxygen content at the silicon nitride surface is mainly due
to surface oxidation, upon exposure to the atmosphere. SiOxNy surface
composition is reported to highlight the differences with SiNy:H layers in
terms of N/Si and O/Si ratios. Such differences and intensity ratios
remain almost unvaried (data not shown) after a short etch (60 s) in
diluted HF 0.5 wt% solution. WER experiments are performed in un-
buffered HF aqueous solutions, in a concentration range from 0.5 wt%
up to 5 wt% (Table 4): layer thickness before and after etch has been
measured by FT-IR following the procedure reported in Supplementary
Material.

The wet etch rate is measured by varying etching time until the
achievement of complete removal of the nitride layer (confirmed also by
XPS analysis of the surface of the totally etched samples).

A linear relation between WER and HF concentration is observed for
all the samples, but sample C is significantly more etchable than the
other layers: the WER trend seems to confirm the role of H content in the
chemical resistivity of silicon nitride, despite the behavior of sample C
suggests other factors affecting the layer’s HF etchability, especially at
the higher HF concentration. To note, at [HF] > 0.5% the WER of sample
C is about 4 times higher than that of sample B, despite the small dif-
ference in terms of H% measured by ERDA (see Table 1) and the com-
parable N-H bond density (see Table 2), generally directly related to HF
etchability [26-28].

Annealing experiments, performed in a temperature range from
200 °C to 700 °C, show a slight decrease of the total H content for all the
samples upon increasing annealing temperature, as expected at a tem-
perature higher than deposition one. In particular, as reported in Fig. 2a,
a more evident reduction of total H bonded density ([N-H + Si-H]) is
observed above 600 °C for samples A and B, whilst sample C reveals this
variation at T above 400 °C. Fig. 2b shows that WER in HF of annealed
layer changes upon varying anneal temperature (Fig. 2b): in particular,
we can observe an increase of WER up to 400 °C, while at a higher
temperature, the WER reduction results in convergence of etching re-
sistivity for all the three samples. After annealing at T = 700 °C the WER
is almost the same for all the samples (Fig. 2b), in good agreement with
the trend observed for the overall H content (Fig. 2a).

In order to elucidate this behavior, XPS analysis is performed on
samples A and C (characterized by the lowest and the highest WER,
respectively) after annealing at 400 °C and 700 °C: both samples feature

Table 4
Etch rate of silicon nitride samples of different HF solution concentrations.
Sample HF 0.5 wt% HF 2 wt% HF 5 wt%
A 13 + 2 A/min 50 + 5 A/min 100 + 9 A/min
B 22 + 2 A/min 80 + 5 A/min 165 + 14 A/min
¢ 40 + 1 A/min 317 + 18 A/min 757 + 25 A/min
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Fig. 2. a) Total Si-H and N-H group concentration of silicon nitride samples and
b) WER in HF 5% before and after annealing. (For interpretation of the refer-
ences to colour in this figure legend, the reader is referred to the Web version of
this article.)

an increase of the N/Si ratio and a decrease of the O/Si ratio, which
becomes almost comparable at 700 °C (Table 5).

To note, the oxygen content is attributed to contaminants incorpo-
rated in the nitride layer during deposition [29] and the presence of
hydrogen in the nitride layer is responsible for its migration toward
H-rich regions [30]. Accordingly, the formation of oxynitride-like re-
gions within the layer can be assumed to influence the WER of the
annealed sample.

Fig. 3 reports the Si2p photoelectron peak of sample A before
(Fig. 3a) and after annealing at 400 °C (Fig. 3b) and 700 °C (Fig. 3c).

Different components can be identified and related to the presence of
Si-0, Si-N, and Si-Si bonds. In particular, for the pristine sample (Fig. 3a)

Table 5
XPS N/Si and O/Si elemental ratio of samples A and C after annealing at 400 °C
and 700 °C.

Sample Anneal Oo/si N/Si
A 25°C 0.91 0.9
A 400 °C 0.39 1.22
A 700 °C 0.48 1.16
C 25°C 1.06 0.76
C 400 °C 0.75 0.97
C 700 °C 0.59 1.03
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the main peak’s component, attributed to Si-N bonds, is at 102.0 eV and
the less intense one, at 103.6 eV, is associated with the SiO, presence
[31,32]. After annealing at 400 °C, a peak narrowing can be observed
(Fig. 3b) and the oxidized component is less intense and shifted at 103.3
eV. This shift points to the formation of an oxynitride having a SiOsN
stoichiometry [33,34], whilst the small component at 99.9 eV is
attributed to elemental silicon due to the formation of silicon clusters
[35]: this signal’s evolution can represent an indication of an oxygen
migration at the surface thus promoting, due to annealing, water evo-
lution, and overall oxygen content’s reduction. Therefore, with
annealing, hydrogen desorption, and bond rearrangements occur in the
material, probably composed of silicon-rich regions and nitrogen-rich
regions.

Similarly, Fig. 4 shows the XPS Si2p photoelectron peak of sample C
before (Fig. 4a) and after annealing at 400 °C (Fig. 4b) and 700 °C
(Fig. 4c).

Differences with sample A are clearly visible: first of all, Si2p of the
pristine sample (Fig. 4a) is characterized by three components centered
at 99.9 eV, 101.6 eV, and 103.6 eV associated with Si-Si, Si-N, and Si-O
bonds, respectively. The main component, associated with Si-N bonds, is
centered to lower binding energy (101.6 eV) and the presence of the Si-
Si component at 99.9 eV is well consistent with a N/Si ratio lower than
that of sample A. After annealing at 400 °C (Fig. 4b) a new component at
102.2 eV associated with the formation of Si3ON is observed [33]:
however, at 700 °C this component is not detectable and the Si2p signal
is comparable to the one recorded for sample A.

XRD analysis of samples annealed at 600 °C is aimed to define if
amorphous to the crystalline phase transition is promoted by the
compositional modification associated with observed hydrogen evolu-
tion: as shown in Fig. 5a, sample A and sample B remain amorphous
whilst sample C (Fig. 5b) shows two peaks at 20 = 51.5° and 26 = 56.0°,
associated to (301) and (400)/(211) planes, respectively [36] that are
indicative of the presence of a-SisN4 small crystalline domains [37,38].
Accordingly, this increase in crystallinity comes with the enhancement
of chemical resistance in HF solutions, associated with a decrease in
WER value (Fig. 2b).

4. Discussion

WER of nitride samples deposited by using different PECVD recipes is
studied by varying the HF from 0.5 wt% to 5 wt%. Thickness reduction
during etching is evaluated by straightforward methodology allowing to
use of FT-IR spectral analysis without suffering the silicon substrate
contribution (see Supplementary Information).

Whatever the HF concentration, the WER of the nitride layer in-
creases upon increasing the overall measured H content, but the WER of
sample C is remarkably higher than that of samples A and B (Table 4).
These WER differences are important in the perspective of selectivity
adjustment in the silicon oxide and silicon nitride wet etching process
[39,40].

WER of nitride mainly depends on hydrogen concentration [23,41]
and experimental data support this hypothesis in terms of general WER
trend. However, samples A and B, show a more similar etch resistivity in
comparison with that of sample C: this finding can be better explained
by referring to the bonded hydrogen density, estimated by FT-IR mea-
surements (that considers the exclusive contribution of Si-H and N-H
bonds) rather than to H% estimated by RBS-ERDA (that can be associ-
ated to hydrogen bonded to other contaminants in the layers, i.e.
oxygen).

On the other hand, the WER increase observed for sample C upon
varying HF concentration suggests a role played by difluoride species
(HyF2 and HF3) in film etching. In particular, as reported in the litera-
ture [28], the mechanism of etching of silicon nitride involves the for-
mation of Si-F bonds by nucleophilic reaction with protonated Si-N-H
groups, mainly regarding monofluoride (F~) species. At the same time, if
Si-OH groups are present, their reaction with HF solution follows a
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Fig. 5. XRD diffraction pattern of (a) sample A and sample B at 600 °C thermal annealing for 30 min and (b) sample C at 400 °C and 600 °C thermal annealing for
30 min.
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different mechanism: in fact, the dissolution of silicon dioxide in
aqueous HF-based solutions depends not only on pH but also on fluo-
rinated charged and neutral species present in solutions (mainly HF5
and HyF3) that govern both protonations of silanol groups and nucleo-
philic attack to silicon center [26].

The behavior of sample C can be, hence, associated not only with the
highest hydrogen content but also with the highest O/Si ratio respon-
sible for the presence of Si-OH groups, more responsive to concentrate
HF etching: in fact, incorporated oxygen in the nitride network promotes
a more pronounced reactivity towards difluoride nucleophiles formed
upon increasing the HF concentration [40,42,43].

In addition, investigated layers are characterized by different N/Si
ratios: we can assume that the presence of Si-H bonds is associated with
an increase in the etch rate of amorphous silicon nitride layers deposited
by PECVD. In fact, if from a chemical point of view, Si-NH groups are
responsible for nucleophilic attack of fluoride ions, -Si-H groups can be
responsible for a different density of the layer [32]. The obtained results,
thus suggest how the presence of both N-H and Si-H species in the
nitride layer contributes effectively to the increase of the etching rate
[38]: in particular, the low density of Si-H groups in sample B is indic-
ative of a higher density of Si-N bonds (in good agreement with XPS
data) that need to be broken to release SiF4 during wet etch. Accord-
ingly, the WER decrease is not linearly related to the overall H%
(detected by ERDA and FT-IR). Such an explanation agrees well also
with data related to annealed samples, whose WER converge at 700 °C
together with the overall film composition expressed in term of N/Si and
0/Si ratios (Table 5).

On the other hand, the role played by oxygen content, reasonably
due to well-known contamination during the silicon nitride PECVD
process, to trigger the WER in HF solution is corroborated by the
peculiar behavior of sample C observed by XPS: in particular, moderate
annealing temperature (T = 400 °C) leads to the formation of different
kinds of oxynitride species, associated to a silicon-rich Si3sON stoichi-
ometry rather than the SiNO3 observed for sample A. High temperature
anneal (T = 700 °C), on the other hand, drastically decreases the oxygen
content, thus resulting in a WER alignment for all the samples.

5. Conclusions

Amorphous SiNx:H thin films have been prepared using plasma-
enhanced chemical vapor deposition using different process conditions
to modulate film composition, chemical bonding, and chemical-physical
properties. Samples have been characterized by X-Ray Photoelectron
Spectroscopy (XPS), Fourier Transforms Infrared Spectroscopy (FT-IR),
and X-ray diffraction (XRD). The wet etching behavior of the thin film in
HF solution sheds light on the role of hydrogen percentage and oxygen
contaminants on the chemical resistance of the amorphous layer.

The WER data can be rationalized in the following way.

e Sample A is the more etch-resistant layer mainly due to its low H
content;

e Sample B is comparable to sample A, despite its higher H content:
this similar behavior is due to its higher N/Si ratio and low Si-H bond
density;

e Sample C is the less etch-resistant layer due to the highest H content,
the lowest N/Si ratio, highest Si-H bond density.

Thickness reduction during etching is evaluated by straightforward
methodology allowing to use of FT-IR spectral analysis without suffering
the silicon substrate contributin (supplementary materials).

Annealing treatments causing a decrease of the oxygen in the layer as
well as a transition toward the crystalline phase contribute to improving
the resistance to acid attack. Obtained results confirm the presence of
amorphous Si-O phase domains in the nitride networks and of Si-OH
groups at the surface. Differences in oxygen content, due to adventi-
tious contamination in the reactor, are responsible for the different WER
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of samples characterized by similar hydrogen content.
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