Thin Solid Films 757 (2022) 139392

ELSEVIER

Contents lists available at ScienceDirect
Thin Solid Films -

journal homepage: www.elsevier.com/locate/tsf e

Surfaces, Interfaces and Colloidal Behaviour

Check for

Effects of thermal vacuum nitridation of Si(100) surface via NH3 exposure |

Masoud Ebrahimzadeh ?, Juha-Pekka Lehti6 ?, Marko Punkkinen®, Risto Punkkinen ", ‘
Mikko Miettinen”, Zahra Sadat Jahanshah Rad °, Mikhail Kuzmin“, Pekka Laukkanen ™,

Kalevi Kokko®

@ Department of Physics and Astronomy, University of Turku, FI-20014 Turku, Finland
® Department of Computing, University of Turku, FI-20014 Turku, Finland

ARTICLE INFO ABSTRACT

Keywords:

Dielectric film
Ammonia nitridation
Silicon passivation
Interface defects

Low temperature treatments to control the Si-interface properties become more and more relevant to the broad
Si-based electronics and photonics technology when the back-end-of-line processing is developed and the inte-
gration of hybrid materials on the Si platform increases. In this work we have investigated effects of NH3
nitridation of three different Si surfaces in ultrahigh-vacuum (UHV) chamber at 400 “C. (i) nitridation of well-
defined Si(100) (2 x 1)+(1 x 2) cleaned by the high-temperature flash heating, (ii) nitridation of the Radio
Corporation of America (RCA)-cleaned H-terminated Si(100) with the final HF dip, and (iii) nitridation of the
RCA-treated (without the final HF dip) Si(100) which includes so-called wet-chemical oxide of SiOj. X-ray
photoelectron spectroscopy (XPS) and scanning tunneling microscopy/spectroscopy measurements show that
nitrogen incorporates into subsurface layers of clean Si and into the SiOy chemical-oxide layer, when the ma-
terials are exposed to NH3 background in UHV chamber without a plasma source at 400 © or even at room
temperature. XPS results indicate that the nitridation does not remove oxygen from the SiO, chemical oxide. The
nitridation of SiO; is also found to increase the density of electron levels at 3 to 4 eV above the Fermi level.
Electrical measurements of atomic-layer deposited HfO,/Si(100) capacitors with and without the nitridation
support that the method has potential to decrease amount of interface defects and to control interface properties.

1. Introduction

Along with scaling down the size of various Si-based devices to in-
crease the integration density and power efficiency, the insulator/Si
junctions (or interfaces) that are a critical part of transistors, solar cells
and sensors for example, have been intensively investigated and devel-
oped for several decades [e.g. 1-15]. Although understanding and pro-
cessing of the Si-interface passivation (i.e. decreasing density of
interface defects and their effects) have been refined to the top, re-
quirements for low temperature (LT) processing of device structures
have evoked different challenges also in the area of silicon technology
[8-10]. LT treatment methods are needed for instance in the
back-end-of-line processing of devices, where the temperature is often
limited to 450 "¢, and for integrating complementary device materials on
the established Si-wafer platform without degrading the material
properties at elevated temperatures. The so-called thermal budget de-
pends on the Si device type and the integrated material system. Prom-
ising device results have been obtained even with the 150 °C (or lower)

passivation methods [10].

Various dielectric films have been investigated in the silicon tech-
nology; for example, SiOj, SigNy, AlyO3, HfO9, ZrOy, Gd203, NiO [1,2,
11-17]. These insulator-Si junctions still contain an interfacial SiO, layer
because it is impossible to avoid the Si oxidation during the junction
manufacturing, and because the Si oxidation is an energetically favored
process [1,2]. Due to structural and electronic differences between oxide
layers and semiconductor crystals, the interfaces often include high
densities of point defects (e.g. vacancies and impurities) which further
cause electronic defect levels in the Si band gap area. Because of the
defect levels, the lifetime and energy efficiency of various current de-
vices decrease.

Exposing Si surfaces to nitrogen-containing gas has been studied as a
method to passivate the defect levels at the insulator/semiconductor
junctions [18-25]. Silicon-nitrogen interactions have been studied even
on atomic scale [e.g. 20-22], and a proper nitrogen incorporation has
been found to provide a crystalline N-containing films at Si. Various
techniques such as remote plasma nitridation, thermal nitridation with
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either NH; or Ny have been found to decrease the defect density and the
leakage current through the oxide film [18,23]. The N incorporation
into the Si interfaces is as an important phenomenon not only for the
transistor and memory technologies but also for photovoltaics and other
photonics devices via integrating SiNy or SiOyNy films with device
structures [26-32]. Regarding industrial demands for processing various
Si-based hybrid materials and devices, the LT process is becoming of
high importance [8-10,18,27,28].

In this work, the formation of SiNy and SiOxNy films has been
investigated using thermal NHj nitridation of Si(100) and of oxidized Si
(100) surfaces in the ultrahigh vacuum (UHV) chamber at 400 °C or
below by controlling NH3 partial pressure and exposure. It is worth
noting that the nitridations have been done in this work without a
plasma source. Although the plasma source methods have clear benefits,
for example, to enhance nitrogen incorporation at low substrate tem-
peratures, the plasma is also known to cause material defects [e.g. 29-
32]. Therefore, we have in this work focused on the nitridations
without the plasma. For electrical characterization of the interfaces,
HfO, films have been deposited by atomic layer deposition (ALD) to
prepare HfO,/SiOxNy/Si(100) junctions with the nitridation and also
reference samples of HfO5/Si04/Si(100) without the nitridation. Elec-
trical properties of the interfaces have been investigated by capacitance
voltage (C-V) and leakage current (I-V) measurements of capacitors.
Properties of the NHs-treated surfaces have been also studied by x-ray
photoelectron spectroscopy (XPS), low energy electron diffraction
(LEED), and scanning tunneling microscopy/spectroscopy (STM/STS).
The outline of this article is following: We have first investigated the
nitridation of a well-ordered substrate surface of Si(100)(2 x 1)+(1 x
2), which is obtained by the flash heating up to 1200 “© in UHV. The
knowledge obtained from such a well-defined model system is then
transferred to the studies of industrially potential wet-chemically
cleaned Si surfaces, in order to perform a whole interface passivation
procedure below 450 “C. Two different wet-chemically treated Si sur-
faces (with the Radio Corporation of America, RCA recipe) have been
used in the nitridation studies: the RCA-cleaned hydrogen-terminated Si
surface and the RCA-prepared oxide-terminated Si surfaces.

2. Experimental Section
Fig. 1 summarizes the sample preparation. Pieces of 6 x 12 mm were

cut from n-type Si(100) wafer (phosphorus-doped) with a resistivity of
3-9 Q cm. To clean the Si surfaces from oxides and contaminants, we
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used two different methods: (i) high temperature (1200 °C) flash heating
in UHV system and (ii) RCA chemical cleaning recipe with the following
steps: (a) C3HgO 3 min at RT + nitrogen drying; (b) CH3OH 3 min at RT
+ nitrogen drying; (c) CsHgO 3 min at RT + nitrogen drying; (d) H2SO4:
H305 (3:1), 15 min at 80 °C + deionized water rinsing + nitrogen drying;
(e) HyO:NH40H:H505 (5:1:1), 15 min at 80 °C + deionized water
rinsing + nitrogen drying; (f) HoO:HCl:H30; (6:1:1), 15 min at 80 °C +
deionized water rinsing + nitrogen drying.

The RCA procedure was ended up with or without HF (5%) solution
dip for 5-10 s. The HF dip is known to remove oxides and provide a
hydrogen terminated surface, which is expected to decrease the re-
growth of native oxides during a short air exposure. On the other
hand, the samples without the HF dip included a thin SiO; oxide film,
called often the wet-chemical oxide (or SC-2 oxide).

After RCA, the samples were transferred into the UHV multi-chamber
system within 2-10 min through the air. In the UHV system, both sample
types: the H-terminated and oxidized Si surfaces were heated at 400 °C
for 30 min after RCA (exceptions are mentioned in text). Nitridation of
the Si surfaces cleaned by the different methods was performed by
keeping the Si substrate in NHg gas for 30 min or 60 min either at two
different temperatures: room temperature (RT) or at 400 °C. NHj partial
pressure was approximately 5 x 10~ Pa, whereas the base pressure of
the process chamber was 1 x 107 Pa, and no plasma source was used.
Furthermore, NH3 purity was 99.9999%, and a total nitridation dose
was either 18.3 x 10® L (30 min) or 36.7 x 10 L (60 min).

In situ LEED, STM/STS, and non-monochromatized XPS measure-
ments were done to study surface properties of the samples before and
after the nitridation. Omicron Scala instrument was used in constant
current mode for STM measurement. The grid mode was used to mea-
sure the current-voltage curves in STS, which were averaged over cho-
sen surface areas and differentiated afterwards. Also, another XPS
instrument with monochromator (Al-Ka) was used in ex situ manner to
measure the Si surface after nitridation and air transfer.

ALD equipment was used to grow HfO, films on top of some samples.
All these samples were loaded into the ALD system via air. The pre-
cursors are tetrakis (dimethylamido) hafnium and HyO for HfO, film.
The film thickness was 15 nm as measured by ellipsometry. Metal-oxide-
semiconductor capacitors were fabricated to measure C-V and I-V
curves. Au/Cr or Ag/Cr metal contacts (circular pads with 200 um
diameter) were deposited on HfO5/n-Si(100) by sputtering through a
shadow mask. Finally, the post metallization heating was performed at
400 °C for 20 min in the UHV system. C-V and [-V measurements were

Fig. 1. Schematic of HfO,/SiN,/Si(100) sam-
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performed using HP4284A LCR meter and HP4145B semiconductor
parameter analyzer, respectively. Silver paste was used as a backside
contact.

3. Results and Discussion
3.1. Nitridation of the flash-heated Si(100)(2 x 1)+(1 x 2)

Fig. 2a presents a STM image of the Si(100)(2 x 1)+(1 x 2) surface
cleaned in the UHV chamber by the flash heating manner. Two flash
cycles were used, both of which raised the temperature of Si to 1200 °C
for short time, couple of seconds, and then decreased back to 600 °C. The
Si(100)(2 x 1)+(1 x 2) surface is so-called double-domain surface
where dimer rows are along perpendicular directions at the neighboring
terraces. The nitridation (NH3 of 5 x 1073 Pa for 30 min) of the clean
surface was first tested by keeping Si at RT during the NH3 exposure.
Large-scale STM image after the RT nitridation (Fig. 2b) shows that the
initial smooth terrace-step structure still remains. However, a local
structure has changed due to the RT nitridation, as shown in Fig. 2c.
Also, differential STS current-voltage curves (Fig. 2d) supports that ni-
trogen atoms have been incorporated into Si because a band gap of the
surface has increased after the RT nitridation. It is worth noting that the
band gap of the clean Si(100)(2 x 1)+(1 x 2) surface is about half of the
bulk gap (1.1 eV) because of the surface dangling-bond induced levels.
The N 1s emission, which is similar to that shown below after the 400 °C

01
§ —— Clean Si(100)(1x2)+(2x1)
= —— After RT nitridation
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Fig. 2. (a) STM of starting Si(100)(2 x 1)+(1 x 2) surface which was flash
cleaned. (b) STM after NH3 exposure (5 x 102 Pa) at RT. (¢) Zoomed-in STM
after NH3 exposure (5 x 1072 Pa) at RT, showing formation of small islands. (d)
Differential STS current-voltage curves to study the surface band gap: about 0.6
eV for the clean surface and 1.4 eV after the RT nitridation.
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nitridation (Fig. 3), was also observed after the RT nitridation. This
supports that nitrogen atoms are incorporated into the Si surface even in
the RT nitridation without a plasma source.

Fig. 3 summarizes effects of the nitridation of the Si(100)(2 x 1)+(1
x 2) surface at 400 . LEED from this surface in Fi g. 3a shows still a
clear (1 x 1) diffraction spots combined with weakened (2 x)+(x 2)
spots related to the surface reconstruction pattern after the 30 min
nitridation at 400 °C. We note that LEED after the RT nitridation was
similar to Fig. 3a. Large-scale STM image in Fig. 3b reveals the formation
of small two-dimensional islands, while a zoomed-in STM image in the
inset indicates that islands have still a local dimer-row structure, which
is consistent with the LEED result showing weak (2 x)+(x 2) spots. This
indicates that the Si atoms occupy the topmost surface sites in the form
of dimers although the nitrogen incorporation appears to cause a wavy
height variation at the surface. The surface is crystalline at least to some
extent after the nitridation according to the LEED and STM observations.
The STS curve shows a surface band gap of 4.5 eV (Fig. 3c), which is near
the SisN4 gap, after the nitridation at 400 "©. The appearance of N 1s XPS
signal (Fig. 3d) confirms the nitrogen incorporation into the sample.
Large-scale STM image in Fig. 3e shows that the initial two-dimensional
structure remains after the nitridation at 400 °C.

Comparison between the RT and 400 " nitridations indicates similar
LEED and XPS results for these surfaces, but the STS and local STM re-
sults are different. We did not observe the Si-dimer structure, similar to
that in Fig. 3b, after the RT nitridation. Therefore, the weakened (2 x)+
(x 2) LEED spots after the RT nitridation can arise from a non-uniform
surface, where a clean Si(100)(2 x 1)4-(1 x 2) structure still remained
locally.

Fig. 4 shows that the intensity at the high binding energy side of Si 2p
increases as a function of the nitridation at 400 C, which is due to the
formation of Si-N bonding around 102 eV and Si-O-N bonding around
103 eV. Possible oxygen arises from contamination of the used gas or/
and oxygen background of the chamber for instance. As discussed in the
introduction, it is very difficult to avoid the oxygen incorporation into
Si; thus a relevant question might be rather how to modify the properties
of oxygen-containing surfaces. The presented results for the Si(100)(2 x
1)+(1 x 2) nitridation are in good agreement with the previous Si 2p
results from nitrided insulator/SiGe interfaces [18]. The presence of
dimer-row structure at the topmost surface suggests that nitrogen atoms
lie at subsurface rather than on the topmost surface. Anyhow, the above
results show that nitrogen atoms are incorporated into Si in the LT
nitridation even at RT without a plasma source. Next, the nitridation is
combined with the LT cleaning procedure of Si with the RCA wet
chemistry, which is an industrially applicable cleaning procedure, to
study effects of the nitridation on electrical properties.

3.2. Nitridation of RCA+HF dip cleaned Si(100)

First we present effects of the 400 °C nitridation on the capacitor
properties, and below we compare to the RT nitridation effects. Fig. 5
shows electrical properties for the HfO,/Si interfaces of which starting Si
surfaces were cleaned by RCA+HF. The reference sample was directly
transferred to ALD after the same RCA+HF treatment. The other sample
was heated (at 400 “C for 30 min) and then nitrided (for 30 min) in the
UHV chamber and after that, the sample was still transferred through air
to ALD. Both capacitors (Fig.s 5a, 5b) present an inversion capacitance
increase and saturation, which indicates the formation of negative fixed
charge [e.g. 33-35]. It is worth noting that insulator-semiconductor in-
terfaces typically include various types of electron levels (or traps) in the
region of semiconductor band gap as well as outside of this gap at the
interface and deeper in the insulator side. The electron levels which
cause a permanent, fixed negative charge lie probably below the Si band
gap region in the side of SiO5 interface layer (i.e. acceptor type levels of
SiO9) [35]. Concerning the inversion capacitance, it is relevant that the
inversion capacitance saturates with increasing the negative bias
voltage. As O’Connor et al. [34] have instructively described, the
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Fig. 3. Surface-science measurements after 30 min (at 400 %) nitri-
dation of Si(100)(2 x 1)+(1 x 2) surface cleaned by the flash heating
up to 1200 °C, (a) LEED shows still a weak (2 x 1)+(1 x 2) pattern; one
reconstruction spot is marked by red circle. (b) STM images; zoomed-in
image shows local dimer rows. (c¢) STS indicates a surface band gap of
around 4.5 eV. (d) XPS shows incorporation of nitrogen at the surface.
(e) Large-scale STM shows that an initial two-dimensional terrace-step
structure remains after 400 "€ nitridation.

L | 160
(c) . @ (d) N 1S
Pé‘
5 = 1204
c ©
= > 804
5 Fermi Level ‘%
— [ —
O [
£ 401
i
0- 0 v ! : - :
4 3 2101 2 3 4 380 385 390 395 400 405
Vs(V) Binding Energy (eV)

L1

0

— Before nitridation c
—— 30 min nitridation =)
—— 1 hour nitridation _e
c

s >

=

7]

c

[O)

-

£

4 -

106 104 102 100 98 96 94 92
Binding Energy (eV)

Fig. 4. XPS measurement of Si 2p before and after nitridation (at 400 °C) of Si
(100)(2 x 1)+(1 x 2) surface cleaned by the flash heating. All spectra are
normalized as to the peak intensity.

interface states do not contribute to the inversion capacitance
saturation.

In contrast, the accumulation capacitance dispersion of the both
samples with frequency is probably due to border traps [36-44] (i.e. gap
levels deeper in SiOg or HfO, side) because the leakage current is low
here. The nitridation increases the slope of the depletion-region capac-
itance step, as can be seen in Fig. 5. More quantitatively, a peak value of
the differentiated C-V curves at the depletion region is 197 pF/V for the
nitrided capacitor and 136 pF/V for the capacitor without the nitrida-
tion at 1 MHz [41,42]. These values are an average of 8 capacitors. The
leakage current is also smaller for the capacitor with the nitridation. The
leakage current density is 8.8 x 10™° A/cm? at +2 V for the reference
sample (Fig. 5d) and 6.5 x 10~° A/cm? for the sample with the

nitridation (Fig. 5e).

Then the nitridation of the RCA+HF cleaned Si surface was per-
formed at RT before ALD. This sample was not annealed in UHV before
the NH;3 exposure. The C-V curves and leakage of this capacitor are
shown Fig. 5c¢ and 5f respectively. For this sample, the inversion-
capacitance did not increase and saturate, but the C step has clearly
shifted to the positive voltage. Indeed, such a flat-band shift can arise
also from the interface dipoles and/or trap levels, in addition to the fixed
negative charge. Therefore, the C step can shift even if the fixed negative
charge does not appear. However, after increasing the post metallization
heating temperature near 500 °C (not shown), the inversion capacitance
increased and saturated, but the depletion-region step also degraded.
The peak slope of the C step (averaged over 8 capacitors) for the RT
nitrided sample is 165 pF/V (after 400 °C post heating), which is be-
tween the above slopes for the 400 °C nitrided sample and the sample
without the nitridation. Furthermore, the leakage current density of the
RT nitrided capacitor is smaller at the positive voltage and larger at the
negative voltage side (Fig. 5f). The reason for this remains unclear in this
study although we speculate that the different leakage current behavior
might arises from a charge storage effect via trap levels.

Thus, the simple LT nitridation method has potential to decrease the
interface defect-level density at HfOo/Si. This is consistent with the
previous SiGe nitridation results [18], and also with the previous
theoretical calculations that show a decrease in the Si-dangling-bond
induced gap levels where N atoms replace the corresponding threefold
bonded Si atoms at the interface [45-46].

3.3. Nitridation of oxidized Si(100) prepared with the RCA recipe

Because it is difficult to avoid the Si-surface oxidation during
manufacturing Si devices, we have also studied the issue how the
nitridation affects properties of the intentionally oxidized Si surface;
namely RCA-treated wet-chemically oxidized Si. It is worth noting that
very promising gate dielectric properties have been obtained by using a
wet-chemical oxide interface [47].
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Fig. 5. Capacitor measurements for metal (Au/Cr) / HfO, / Si(100) cleaned by RCA + HF dip. (a) and (d) C-V curves and leakage for the sample without the nitrogen
treatment before ALD. (b) and (e) C-V curves and leakage for the sample with the nitrogen treatment at 400 °C before ALD. (c¢) and (f) C-V curves and leakage for the

sample with the nitrogen treatment at room temperature before ALD.

Fig. 6a shows the N 1s XPS spectrum from the SiO,/Si sample pre-
pared with the RCA recipe (Experimental section, without HF dip) after
the nitridation. The curve fitting was performed using the Origin 2016
program. Shirley background shape and Voigt line shape were utilized to
remove the inelastic background and to fit the spectrum. The measured
N 1s line shape is asymmetric at high binding energy side, which is a
clear indication of that the N 1s spectrum includes at least two compo-
nents. Thus, two components were included in the fitting which pro-
vided one peak at 397.90 eV and another peak at 398.76 eV. These two
components are consistent with the formation of two different bonding
environments for N atoms: Si-N bond type (i.e. one N atom surrounded
by silicon atoms) and Si-O-N bond type, as labeled in Fig. 6a [48-50].
Such a shift at high binding energy is attributed to the presence of ox-
ygen close to the corresponding N atoms. For example, Lu et al. [48]
have found that the SiOxNy/Si interface contains two N 1s components
with 0.85 eV shift, which is close to our fitting result of 0.86 eV.

According to our XPS measurements, the O 1s emission (not shown
here) did not change due to the nitridation indicating that the nitrida-
tion does not remove oxygen significantly from the SiO5 film. However,
the Si 2p spectra in Fig. 6a, 6b present an N-induced change in the Si
bonding structure in the SiO; film or at the SiO4/Si interface, supporting
that the LT nitridation without a plasma source is potential to modify the
properties of SiOy/Si interface.

Fig. 7a represents the STM image from the wet-chemically oxidized
Si(100) surface before the nitridation. This surface contains island or
clusters. The inset LEED pattern in Fig. 7a shows no diffraction spots,
indicating that the wet-chemically oxidized surface is mainly amor-
phous, as expected. Fig. 7b displays the STM from the oxidized surface
after the nitridation. The morphology of the surface is similar to that
before the nitridation, but STM suggests that the islands cover the sur-
face more uniformly due to the nitridation. Fig. 7c shows the STS
measurement before and after the nitridation (30 min and 60 min),
respectively. Interestingly, a density of electron levels increases at 3 to 4
eV above the Fermi level due to the nitridation. This level can be intu-
itively understood as a donor-type level which forms if nitrogen replaces
silicon in SiO». The electron level appears to be consistent also with the
previous studies. Lee et al. [50] reported that the nitrogen-induced en-
ergy levels lie in the range of the Fermi level to the conduction band
edge. These levels are dependent upon the local oxidation states around

the nitrogen atom [48-50].

The C-V results for the capacitors with the wet-chemically oxidized Si
interfaces (i.e. RCA without the final HF dip) in Fig. 8 indicate that the
accumulation capacitance dispersion decreases when the nitridation
was performed before ALD-HfO,. This suggest that a density of border
traps in SiOy decreases due to the nitridation. It is worth noting that the
post heating after the metal contact were done in UHV chamber, which
might enhance a vacancy formation in the oxide films. Furthermore,
when the nitridation time is increased from 30 min to 1 hour, the
inversion capacitance increase is suppressed, which indicates that the
fixed negative charge in SiO; is decreased [33-35]. It is again worth
noting that this permanent negative charge is most likely due to the
filled acceptor levels in the side of SiO3, which lie beneath the Si gap
area in the energy scale. It is also possible that effect of the negative fixed
charges is compensated by an opposite charge. Intuitively such scenario
is consistent with the formation of donor-type gap levels above the
Fermi level in SiO; (Fig. 7). In contrast, the movement of the depletion
region capacitance step toward the positive voltage in Fig. 8 is most
likely caused by the interface dipoles and/or by filling of other electron
levels, different from the acceptor levels causing the negative fixed
charge. Moreover, the nitridation increases the slope of the
depletion-region capacitance step: The peak value of differentiated C-V
curves at the depletion region is 120-160 pF/V for the nitrided capaci-
tors and 100 pF/V for the capacitor without the nitridation for 1 MHz
curves. Also the leakage current decreases because of the nitridation as
illustrated in Fig. 8d.

Decreasing the equivalent oxide thickness (EOT) of capacitors, which
provides an increased gate capacitance, has been a very important target
in the transistor technology, and indeed a very low EOT of 0.65 nm has
been recently obtained with a low leakage current [47]. EOT is defined
as follows: EOT = tsioz + tufoz2/ (Enfoz /€sio2), where t and ¢ are thickness
and dielectric constant, respectively, for the interfacial SiO, layer and
top HfO, film. If we use the measured thickness typ2 = 15 nm and the
assumed values: tsjo2 = 0.85 nm, esj02 = 3.9, and ego2 = 25.0 from the
literature [47,51], the above equation gives EOT = 3.2 nm for the
reference sample with the RCA chemical oxide and without the nitri-
dation. Future studies including detailed measurements of the oxide
thickness and capacitance density as a function of the oxide thickness
together with simulations are needed to clarify an effect of the presented
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Fig. 6. (a) N 1s XPS measurement (ex situ) of Si(100) with the RCA chemical
oxide after one hour nitridation. In-situ XPS measurements of Si 2p (b) before
and (c) after the nitridation of the oxidized Si(100) surface, so called RCA
chemical oxide (i.e. without HF-dip), respectively.

nitridation on EOT. The previous studies have shown that the approach,
where a proper SiO, wet-chemical oxide is incorporated before the HfO,
deposition, is very potential to decrease EOT and to keep the oxide
leakage current low enough [47,51].

4. Conclusion

We have investigated the effects of simple NH3 nitridation of Si(100)
surfaces in UHV chamber at low temperatures, RT or 400 °C, without a
plasma source. The method enables the incorporation of N atoms into
the different surfaces: clean Si and wet-chemically oxidized Si. The
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Before nitridation
—— 30 min nitridation
— 1 hour nitridation

Fermi Level

DOS (arb. units)

Vs(V)

Fig. 7. Large scale STM images from Si(100) surface with RCA chemical oxide
before (a) and after (b) the nitridation, respectively. The inset LEED patterns in
(a) and (b) are from the corresponding surfaces, showing that the surfaces are
mainly amorphous. (¢) STS curves show the formation of N-induced levels 3-4
eV above the Fermi level (i.e. 0 V) after nitridation

surface science characterization of clean Si after the nitridation supports
that N atoms incorporate into subsurface sites. The LT nitridation of the
wet-chemically oxidized SiOy/Si surface hardly removes oxygen from
the oxide but causes two different bonding environments for N atoms
according to the N 1s signal analysis. The STS results reveal an increased
density of the gap levels at 3 to 4 eV above the Fermi level. In com-
parison to the two different RCA-treated reference interfaces, HfO5/Si
and HfO,/SiOy/Si, the nitridation has been indirectly found to decrease
the interface Dj; on the basis of the capacitor measurements. Thus, the
LT-UHV nitridation is potential to be incorporated into an arsenal of the
passivation methods of Si device interfaces.
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