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Abstract: Nanoscale oxides grown in c-silicon, implanted with low-energy (2 keV) H* ions and
fluences ranging from 10'3 cm~2 to 10'® cm~2 by RF plasma immersion implantation (PII), have been
investigated. The oxidation of the implanted Si layers proceeded in dry O, at temperatures of 700 °C,
750 °C and 800 °C. The optical characterization of the formed Si/SiOy structures was conducted
by electroreflectance (ER) and spectroscopic ellipsometric (SE) measurements. From the ER and SE
spectra analysis, the characteristic energy bands of direct electron transitions in Si are elaborated. The
stress in dependence on hydrogenation conditions is considered and related to the energy shifts of
the Si interband transitions around 3.4 eV. Silicon oxides, grown on PII Si at a low H* fluence, have a
non-stoichiometric nature, as revealed by IR-SE spectra analysis, while with an increasing H* fluence
in the PII Si substrates and/or the subsequent oxidation temperature the stoichiometric S5i-O4 units in
the oxides become predominant. The development of surface morphology is studied by atomic force
microscopy (AFM) imaging. Oxidation of the H"-implanted Si surface region flattens out the surface
pits created on the Si surface by H* implants. Based on the evaluation of the texture index and mean
fractal dimension, the isotropic and self-similar character of the studied surfaces is emphasized.

Keywords: low-energy H" ion implantation of c-Si; dry oxidation of H*-implanted silicon; UV-vis-IR
spectroscopic ellipsometry; electroreflectance spectroscopy; AFM imaging

1. Introduction

Since the invention of integrated circuits in the 1970s, Si technology has followed
the mainstream of microelectronic device development toward ever-decreasing element
size to the nanometer regime and performance improvements. An important issue is the
production of integrated two-dimensional (2D) materials on Si platforms relying on the
well-established Si technology for application in computational and non-computational
systems. Currently, the major challenge is the control of structures and technological
processes in the nanometer range.

In modern devices built on multi-composite and multi-layered structures, often un-
wanted failure mechanisms occur, mainly triggered by the coefficient of thermal expansion
and structural mismatch in the material interfaces, causing reliability problems. Failure
mechanisms in electronics have since long been discussed and reviewed in [1,2], where
special attention is focused on overstress mechanisms with different physical origins. In
silicon-based devices, the stress has been studied intensively in the last decades, discussing
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the relation between stress and strain. Everything, however, started with examination of
the stress level in the basic S5i/SiO; interface over which many devices can be integrated
for achieving the desired device functionality. Extensive early research results can be found
in [3,4].

The stress in Si has been found to be tensile after oxide layers are grown with high
compressive levels [5-7]. Lowering the process temperature for reliability and thermal
budget issues leads to even higher stress values. A way to control the stress level can be
achieved by building a relatively simple layered structure growing SiO, on a modified Si
surface. This can be realized by applying a dip of the Si surface into a plasma environment,
such as plasma ion immersion (PII) implantation [8,9]. The PII implantation method has
many advantages over conventional ion implantation and finds an increasing field of
applications for surface modification and in the semiconductor industry [9]. Applying
this method, the Si subsurface can be modified, creating a depth profile which resembles
that calculated by the software program of Stopping and Range of Ions in Matter (SRIM
2010). A suitable environment for such a purpose can be hydrogen plasma through PII of
low-energy H* ions. The main advantage of this approach is the ability to change the Si
subsurface in a very shallow layer in a controlled way.

The introduction of hydrogen ions into the Si subsurface by PII can have multiple
consequences on the subsequent oxidation process. It can allow lowering the oxidation
temperature and, at the same time, better control of oxide depth and Si/SiO, interface
quality. A reasonably lower oxidation temperature can be used because the presence of
hydrogen can promote the oxidation process as in wet oxidation, where higher oxidation
rates are achieved by the presence of hydroxyl (OH) groups [10-12]. The contribution
of H" ions to the oxidation process is twofold: (i) the energetic H* ions from the plasma
environment saturate the dangling Si bonds, forming Si-H bonds, and (ii) the H" ions
act as catalysts through the formation of H30* and OH™ ion pairs serving as oxidizing
agents [4,10,11].

In the present paper, we investigate the formation of nanoscale silicon oxide through
incorporation of hydrogen ions (H"), introduced into the Si surface layer by plasma im-
mersion implantation (PII) with a low energy of 2 keV. Our attention is focused on the role
of hydrogen in the oxide growth process at considerably lowered temperatures as well
as in the structural strains generated by the technological processes and in the evaluation
of the morphology of the sample surface. Our previous studies [13] have revealed that
H* implantation occurs in Si through a ~3 nm thick native SiO; layer. The implantation
process itself slightly changes the optical properties of the Si surface region, the thickness
of which varies between 23 and 13 nm with the H* fluence. The overall effect of shallow
implantation of H* is expressed by a low degree of amorphization (up to 5.8%) and genera-
tion of weak internal tensile stress arising from implantation-induced defects of vacancies
and interstitials [14]. By increasing the H* fluence, the thickness of the modified Si sublayer
can be tuned through the formation of highly hydrogenated regions stopping the further
penetration of the implanted ions as was established by SE modeling of the modified Si
surface layers [13].

The changes in the structure and properties of the few nm thick oxide layers formed
in H*-implanted Si are studied with highly sensitive optical methods of spectroscopic ellip-
sometry (SE) and electroreflectance (ER) spectroscopy. Combined with AFM imaging of the
development of surface topology of the layers, we can receive useful information on the
formation of nanoscale oxides. The conducted studies showed that plasma immersion im-
plantation of H" ions with certain technological parameters results in accelerated oxidation
of the H*-implanted Si subsurface region yielding more stoichiometric oxides with lower
intrinsic oxide stress. AFM imaging revealed a considerably smooth and homogeneous Si
surface morphology, which together with the less stressed silicon oxides is an indication for
the high-quality oxide surface required in Si technology. The obtained results would help
in possible control of the stress level, induced by the technological processes, which has an
effect on overall characteristics of the Si-based devices for microelectronics (gate dielectrics,
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interlayer dielectric material, capacitor), optoelectronics (energy storage and conversion,
sensors), etc.

2. Materials and Methods
2.1. Sample Preparation

In these studies, Cz-grown Wacker single-crystal p-type Si (100) with 4-10 () cm resis-
tivity was used as the substrate material. Prior to the implantation process, the substrates
underwent a typical Radio Corporation of America (RCA) cleaning procedure [15]. All
chemicals used in the RCA cleaning are Merck’s “Suprapur” products with 99.99% purity.

Shallow implantation of hydrogen ions was performed in a planar plasma reactor
(300 W, 1 kHz) without external heating of the substrates which were biased to 2 kV with
pulse repetition frequency of 10 Hz. The energy of the H* ions was 2 keV, and the H*
fluence varied from 10'%, 10'* to 10'® ion/cm?, which provided a shallow Si surface layer
(a few tens of nm) to be implanted with hydrogen [13].

In order to grow nanoscale oxides into the H"-implanted Si surface layer, the implanted
substrates together with some non-implanted ones were thermally oxidized in the same
runs in dry oxygen (H,O content < 3 ppm) at atmospheric pressure. The oxides grown into
non-implanted Si substrates further served as reference ones. Before oxidation, a fast dip of
all samples in diluted (2%) HF was applied to remove any possible surface contaminations.
The loading and pulling out proceeded in a dry nitrogen ambience. The oxidation was
carried out at temperatures of 700 °C, 750 °C, and 800 °C. The oxidation duration chosen
was 30 min at lower temperatures and 20 min at 800 °C, aiming for the oxide layers to be of
nearly similar thicknesses. We emphasize that no further thermal treatment was applied to
the studied samples.

2.2. Measurement Methods
2.2.1. Spectroscopic Ellipsometry

To record the fine changes caused by the low-energy H* implantation in a significantly
narrow Si surface layer and to detect the post-oxidation states of the Si/SiO; structure,
the samples were investigated by spectroscopic ellipsometry (SE) in a wide spectral range
covering the UV-visible (UV-vis), near-infrared (NIR) and infrared (IR) regions. For this
purpose, the ellipsometric measurements were carried out using two ellipsometers of
J. A. Woollam Co., Inc. (Lincoln, NE, USA): one operating in the UV-vis—NIR wavelength,
A, range of 193-1690 nm and the other in the IR spectral range of 3004000 cm~!. The
ellipsometric angles of ¥ and A, measured at incident angles of 65° and 70°, were analyzed
applying different optical models to the formed Si-SiOy structures. In the fitting program,
an iterative least squares method was used for minimizing the difference (mean square
error) between the experimental and theoretical data.

The thickness of the optical layers and their optical constants (refractive index, n, and
extinction coefficient, k) were determined from the UV-vis SE spectra with an accuracy
of £0.2 nm and +0.005, respectively. Further, the dielectric function, ¢, (e = &g — iep) was
calculated. As the absorption in Si strongly increases towards the UV, the optical response
comes mainly from a surface layer a few tens of nm thick, which allows studying the
behavior of the characteristic peaks of Si at ~3.4 eV and ~4.2 eV in the ¢, spectra [16]. They
are related to interband electrons’ direct transitions, and a displacement of peak position
relative to that of a stress-free layer can be connected to internal stress generated by the
given technology.

The fine change caused in the chemical bonds was traced by the IRSE measurements.
The ellipsometric parameters ¥ and A were recorded at an angle of incidence of 70° with a
resolution of 8 cm~!. IRSE has an excellent sensitivity to absorption of molecules on sample
surfaces and to carrier gradients at interfaces. Moreover, from a single IRSE spectrum one
can register both the transversal (TO) and longitudinal (LO) vibration modes of atoms in a
given chemical bond, receiving additional information about the chemical and structural
composition of the layers.
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2.2.2. Electroreflectance Spectroscopy

By applying the electroreflectance (ER) spectroscopic method in the 3—4 eV spectral
region, we could more closely observe the influence of H* implantation on the behavior of
the direct bandgap of Si at ~3.4 eV. The ER spectra were measured at room temperature
using an electrolytic cell with a 0.1 N KCl solution and applying a low external field
regime with modulating voltage less than 1 V. Indium contacts were made as Si backside
contacts. By using the Aspnes three-point technique [17], the direct transition energy, Eq,
and phenomenological broadening parameter, I', were calculated from the analysis of the
line shape of ER spectra.

2.2.3. Atomic Force Microscopy

Atomic force microscopy (AFM) measurements were performed in non-contact mode
as recommended for minimal tip—sample interaction, with XE-100 AFM from Park Systems
(Park Systems Corporate, Suwon, Republic of Korea). All scans were made with NCHR
sharp tips from Nanosensors™ (Neuchatel, Switzerland), having less than 8 nm tip ra-
dius, ~125 pm length, ~30 um width and ~42 N/m spring constant/~330 kHz resonance
frequency. The AFM images were recorded at the scale of (1 x 1) um2. Gwyddion 2.65
(2024 version) was used for 3D image display and Scanning Probe Image Processor software
(SPIPTM v. 4.6.0.0) for evaluation of the surface amplitude and spatial parameters.

3. Results and Discussion
3.1. UV-Vis SE Data Analysis

In this section, we present the results of the analysis of the UV-vis SE spectra, investi-
gating the refractive index, density and intrinsic stress of the formed oxides with respect to
the process conditions. The thicknesses of the formed oxides are summarized in Figure 1,
where the thickness of the oxides grown in non-implanted Si are also presented and referred
to hereafter as reference oxides.
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Figure 1. Thickness of the oxides grown in Si, implanted with different H* fluences, at 700 °C, 750 °C
and 800 °C in dry O,. Data for the corresponding reference oxides are shown with empty circles. For
comparison, the oxidation kinetics curve (solid line) of standard dry SiO; is included.

The oxides on implanted Si are thicker compared to the respective reference ones,
indicating the faster oxidation process into the H*-modified surface layers [13]. The higher
the implantation fluence, the smaller the thickness of the implanted layer is, due to the
formation of highly hydrogenated Si subsurface regions that hinder further H-penetration
into the Si bulk. The oxidation rates of the reference oxides, grown in non-implanted Si,
is also higher as compared to those reported in the literature for dry oxidation of c-Si
wafers [18]. This suggests that in the same oxidation run, due to the elevated temperatures,
part of the implanted H releases from the samples and could form water molecules or O-H
radicals interacting with the neighboring Si surface of reference samples. Most likely, the
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presence of hydrogen in the Si subsurface layer or on the Si surface is the cause of faster
oxidation, resembling the kinetics of wet oxidation [10]. Obviously, the oxidation kinetics of
these samples lies between the standard wet [10] and dry oxidation kinetics of silicon [18]
(Figure 1).

Independently of the pre-history of the oxidized samples, the refractive index values
decreased with increased oxidation temperature. This is illustrated in Figure 2 for the
oxides grown into H*-implanted Si substrates at 700 °C, 750 °C and 800 °C. As can be seen,
the reference oxides have considerably higher refractive index values, pointing to the rather
high compressive stress generated during the dry oxidation process due to lattice mismatch
between SiO; and Si substrate and, consequently, to volume expansion occurring in the
oxidation process [14]. However, H" implantation creates favorable conditions for the
growth of oxides in a less dense and tense Si structure [13]. Most probably, the presence of
hydrogen provides a larger amount of Si dangling bonds formed during the implantation
process in an amorphized Si subsurface layer, which facilitates the faster growth of oxides
at considerably lowered temperatures.

1.7

Oxide grown in H' implanted Si
with fluence of 10™ ion/cm®

Refractive index

14 1 1 1 1 1 1 1
200 300 400 500 600 700 800 900
Wavelength (nm)

Figure 2. Dispersion spectra of the refractive index of oxides grown at 700 °C, 750 °C and 800 °C in Si
(100), implanted with H* 10'* ion/cm? fluence. Spectra for reference oxides grown in non-implanted
Si (100) at corresponding temperatures are included.

Using the above ellipsometric data of the refractive index values, the oxidation-
induced stress in grown oxides can be estimated. Assuming that the observed changes in
the oxide density and its refractive index are caused by elastic compression, the oxide stress
can be calculated from the first-order compressibility, expressed as 1,, = ng + (An/Ac)o [19],
where ¢ is the stress and An/Ao is the compressive coefficient and taken for silica equal to
9 x 10712 m?/N. The refractive index n is equal to 1.46 for a free-of-stress SiO,. Histori-
cally, the mechanical stress values are usually calculated at a single wavelength (usually
at A = 633 nm), as these values give the tendency of evaluation of built-in stress during
the processes. Therefore, we estimated the oxidation-induced stress from the 7,y values
also at A = 633 nm to be comparable with the reported values by other authors for other
technological conditions and thicker oxides. The stress values estimated from the refractive
indices represent the total oxide stress, which is the sum of the thermally-induced stress
due to differences in the thermal expansion of the Si and SiO, and the intrinsic oxide stress
generated by its growth. Here, we examine the total stress without extracting the thermal
stress component, since the intrinsic oxide stress we estimated later when considering
the dielectric functions. The results are summarized in Figure 3. The stress in the oxides
grown in non-implanted Si is compressive and shows a tendency to slightly decrease with
an increase in the oxidation temperature from 700 °C to 800 °C, temperatures which in
principle are considered to be low in Si technology. The oxide stress for the H*-implanted
samples shows a tendency to increase with increasing H* fluence for a given temperature
and to decrease with enhanced temperature, but its level remains considerably lower in
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all cases compared to that for reference oxides. Apparently, the presence of H species in
a PII-modified, less dense Si subsurface layer promotes/facilitates the release of process-
induced structural strains in the oxide matrix. As a result, at 800 °C the oxidation-induced
stress level becomes an order of magnitude lower regardless of the H* fluence during PII
(Figure 3).
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Figure 3. Total oxide stress versus oxidation temperature estimated from the refractive index values
taken at A = 633 nm for reference oxide and oxides grown on H*-implanted Si.

The refractive index is a measure of oxide density, and the relationship can be described
by the Lorentz-Lorenz equation of p = K (n?> — 1)/(n? + 2), where K = 8.046 for thermal
5iO; [20]. The calculated oxide density, p, values are given in Table 1 together with the
corresponding refractive indices, 1, and intrinsic oxide stress, ¢. It is worth mentioning that
a fully relaxed amorphous SiO5 has a density of 2.2 g/cm? [21] and a refractive index equal
to n = 1.46, as was mentioned above. According to the observations [19-21], by reducing
the oxidation temperature the oxide density increases, as is the case for our reference oxides.
However, the oxides grown on H*-implanted Si do not follow this trend; on the contrary,
with increases in the temperature, the oxide density decreases. This is most likely due
to an intense release of hydrogen with increases in temperature, forming voids and thus
reducing the density of the material, helping to release the oxidation-induced stress, which
results in an overall effect of smaller refractive indices, lower intrinsic stress and density of
the oxide layers, as seen in Table 1.

Table 1. Variation of oxide parameters (1, p, o) with H* fluence and oxidation temperature, Ty.

Refractive Index, n at A = Oxide Stress, o

+ 3 2 (e} : . 3

H* Fluence (ion/cm?) Tox (°O) 633 nm Oxide Density, p (g/cm’) (10° N/m?)

- 700 1.511 2.411 5.67

1013 700 1.471 2.250 1.22

1014 700 1.477 2.275 1.89

1015 700 1.501 2.366 4.56

- 750 1.510 2.406 5.56

1013 750 1.473 2.257 1.44

1014 750 1.471 2.250 1.22

1015 750 1.493 2.240 3.67

- 800 1.467 2.232 0.78

1013 800 1.457 2.192 0.33

1014 800 1.459 2.199 0.11

1015 800 1.462 2.214 0.22

700 1.475 2.265 1.67

e 750 1.473 2.257 1.44

Standard dry oxidation 800 1472 2253 133

1000 1.465 2.224 0.56

* The oxidation parameters are for standard dry oxidation of Si wafers at different temperatures, taken from
Ref. [20].
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In addition, we analyzed the dielectric function ¢, and in particular the imaginary part
of &; represented the light absorption in the studied structures. Since the oxide layers are
several nanometers thick, the two characteristic peaks of the underlying Si (E; appearing
at 3.4 eV and E; at 4.2 eV) [22] can be observed in the &, spectra of the pseudodielectric
functions <e> of the Si in the presence of a nanoscaled oxide top layer. Any deviation of
the position of these peaks from those of unstrained silicon gives additional information
about the internal strains generated by the technological processes [5,23]. Because the
uncertainties in the experimental and iterative errors increase toward the UV region, we
will examine only the behavior of the E; peaks in the <e;> spectra. The displacements of
the E; peak position are in a meV range and thus, for more precise determination of the
peak position, we differentiated the <e;> dependence on photon energy E, as the peak
position is obtained at dey/dE = 0. The results are summarized in Figure 4.

32 34 36 38
Photon energy (eV)

32 33 34 35 36 37 38
Photon energy (eV)

700 750 800
Oxidation temperature (°C)

Figure 4. Imaginary part &, of the dielectric function, ¢, of a virgin c-Si (100) and after its implantation
with H* ion fluence of 10 ion/cm? (a) and their first derivative (b). The corresponding first
derivative of <ep> for Si (100) implanted with different H* fluences and oxidized at 700 °C (c),
750 °C (d) and 800 °C (e) up to nanoscale thicknesses given in Figure 1; evaluated stress at the Si-SiO,
interface, formed by oxidation of the H* PII silicon at different technological conditions (f).

The position of the E; peak of the virgin non-implanted Si (100) substrate is at
Eq =3.42 eV and is shifted toward E; = 3.405 eV by increasing the fluence of implanted
H* ions up to 10'° ion/cm? (see Figure 4b). The magnitude of the E; displacement varies
with the given technological processes, and its values are included in the corresponding
figures in Figure 4. For oxides grown at higher temperatures on hydrogen-implanted
5i, the displacement of E; is smaller. Knowing the E; peak positions, the corresponding
stress levels can be calculated from the relationship of AE; x ¢, where c is the correlation
coefficient and equal to 2.09 x 10 Nm~2eV~! for thermally grown SiO; [5]. The results
are presented in Figure 4f. As is seen, structural stress values, generated in the oxide and
appearing at the Si-SiO, interface, are in the order of 108 N/m? and well correlated to those
reported in the literature [5,18,19]. However, at a low (700 °C) temperature, the oxidation
of H*-implanted silicon generates smaller structural strains at the Si-SiO, interface in
comparison to those of the reference oxides, which is most likely due to a beneficial effect of
the presence of hydrogen species in the layer-growing process. By increasing the oxidation
temperature, an overall reduction in the stress can be observed.
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3.2. Electroreflectance Spectroscopy

The investigated non-implanted and oxidized Si reference samples exhibit ER spectra
with the shape and polarity typical for the p-type Si substrate. For the H*-implanted Si
samples, gradual change is observed, and for a 10'® ion/cm? H* fluence, the polarity of
the ER spectra is inverted. In Figure 5, as an example, the ER spectra for oxides grown at
700 °C and 750 °C on implanted Si with a H* fluence of 10!> cm~? are given. The opposite
ER signal for the highest ion fluence is indicative of an inversion of the surface field [24]
and can be attributed to the thin subsurface layer with implantation defects. The defect
concentration, however, cannot be high, since otherwise it would hinder the ER signal [17].

4+
ol ﬁf\
T ol 2\ .
[ ——
o g
— b
8 4l
_g[ T.=T00°C
g I —— reference oxide
Dé -8 ——H" 10" ioniem’

_10l T,=750°C

I —— reference oxide

-12 [ H' 10" ion/ecm®

_14 I 1 1 L !
3.1 3.2 3.3 34 35 3.6 3.7

Photon energy (eV)

Figure 5. ER spectra for oxides grown in dry O, at 700 °C and 750 °C in non-implanted and implanted
Si (100) with H* fluence of 10%° jon/cm?.

ER spectra allow critical point energies and broadening parameters to be obtained
directly and precisely from experimental data without requiring data reduction by Kramers—
Kronig analysis [17]. From the ER spectra analysis, the direct transition, which occurs
between the valence and the conduction band at the center of the Brillouin zone, referred
to as a direct Si energy gap, E1, and its broadening parameter, I', were determined. The
results are presented in Table 2. In the electron band structure of silicon, the transition at
room temperature appears as a single transition at E; = 3.4 eV. The transition energies at
around this value for all samples are shifted relative to that of the unstressed silicon surface,
which is in our case E = 3.42 eV of the non-implanted c-Si (100) (Figure 4b). Therefore, the
shifts are indicative for internal stress developed in the Si during oxidation. The evaluated
tensile stress levels and the broadening parameter I' in Si as a function of the H* fluence are
also presented in Table 2. In the calculation of the stress from energy transition shifts, the
correlation coefficient of 2.09 x 10 Nm—2eV~! was used [5]. The values indicate a low
level of tensile stress at the Si surface, which corresponds to compressive stress in the oxide
resulting from post-implantation oxidation.

The increase in the parameter I' as compared with non-implanted Si samples seems
reasonable because the generated defects in the Si subsurface layer by the plasma ionization
during implantation cannot be annealed at the post-implantation oxidation temperatures.
In any case, the I' values, being around 100 meV, can be considered to be small [25]. This,
together with the relatively small Si stress levels, points to improved oxide quality as a
result of the presence of H atoms in the Si space-charge region during implantation.
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Table 2. Si parameters of transition energy, E;, broadening parameter, I', and Si stress level, o, at
different H* fluences and oxidation temperatures, Ty.

H+ Fluer;ce T,. CC) Pf)larity of Transition Energy, Si Stress Level, o Broadening Parameter,
(ion/cm?) Lineshape Eq (eV) (108 N/m?) I' (meV)

- 700 “y 3.397 6.44 95
1013 700 “ 3.398 6.16 110
1014 700 ‘g 3.406 3.92 120
1012 700 ‘o 3.390 8.40 110

- 750 ‘g 3.399 5.88 95
1013 750 “ 3.408 3.36 100
1014 750 “p 3.409 3.08 115
1012 750 “r 3.392 7.84 125

3.3. IRSE Data Analysis

Usually, the Fourier-transform infrared (FTIR) spectra published in the literature are
taken with unpolarized light, and thus, only the TO modes can be detected. However,
using polarized light, our IRSE measurements could register both TO and LO modes as
well. The ellipsometric angles ¥ and A were recorded at an angle of incidence of 70° with a
resolution of 8 cm~!. At the IRSE data analysis, a two-layer optical model and Bruggeman's
effective medium approximation theory were applied, as the oxide layer was considered
as a mixture of Si, SiO, and SiO, while the surface roughness layer was considered as
a mixture of 50% material (oxide) and 50% voids (air). The IRSE spectral analysis was
conducted on the oxidized Si implanted with H* ions.

Although the ellipsometric data ¥ and A are interrelated and the exact position of the
vibration modes of the existing chemical bonds cannot be directly determined, conclusions
can be drawn from the specific features, registered in the measured spectra. An example is
given in Figure 6, where the regions with specific features, connected with chemical bonds
of Si-O, Si-H and O-H, are marked in Figure 6a.

182
(a)_/ 0 (b) H' fluence — 10" (ion/cm?)
180 —700°C
——750°C
— H f ~10" (ion/em? —~ 178
8 65 uence (ion/cm”) $
— —
[} — 200° 1
5 700°C o 176
2 ——750°C )
> 6.0 < 174
Si-0 Si-H, o-H 172}
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Wavenumber (cm ') Wavenumber (cm )

Figure 6. IRSE spectra of ellipsometric angles ¥ (a) and A (b) of H*-implanted Si (fluence
10%° jon/cm?) after its thermal oxidation at 700 °C and 750 °C in dry O5.

As can be seen, in the spectral region below 1500 cm~!, multiple intense features are
registered. On the contrary, in the spectral range of 1500-4000 cm !, relatively smooth varia-
tion with very weak features is observed. Vibration modes, attributed to H-related bonds in
different configurations, if any, might be detected as H-Si(O3) at ~875 em ™1 [26], SiHy (x =1,
2, 3) in the 2200-2300 cm ! range [27-29], O-H hydroxyl groups (3300-3600 cm~!) [30] and
molecular H,O at ~1640 cm~! [28]. In our case, in these regions no or very weak features
can be seen, which disappear at the ellipsometric data modeling. The absence of clear H
bonding can be explained by the release of H and/or OH from the as-grown layer during
the oxidation process, H playing rather a catalytic role in the oxidation process. The ob-



Micro 2024, 4

435

served accelerated growth of reference oxides in dry O, (Figure 1) supports this assumption.
The possible residual hydrogen concentration must be rather low to be detected.

The peaks related to rocking oscillations of oxygen atoms in Si-O bonds appear in
the range of 440-460 cm~! (TO) and 503-510 cm~! (LO) [31]. The bands at 805 cm~! and
~814 cm~! are related to TO and LO bending oscillations of Si atoms in Si-O units, respec-
tively [31]. The stretching oscillation of bridging O atoms in the Si-O units is manifested in
the bands in the range of 1010-1150 cm~! (TO) and 1180-1300 cm ™1 (LO) [31]. Due to the
nanoscale thickness of our oxides, the characteristic Si-O bands are expected to appear at
lower frequencies in comparison to thick (over ~200 nm) stoichiometric SiO; layers [32].
Moreover, it has been reported that deviation from the stoichiometric composition also
could cause a shift toward lower frequencies of the position of Si-O vibration modes [29].

According to the above observations, further only the 400-2000 cm ! IRSE region is
considered where the vibrational bands related to Si-O chemical bonds are well pronounced.
This is well seen in Figure 7, where the dispersion dependencies of # and k are presented
for oxides grown into non-implanted and H*-implanted Si at 700 °C. The IR spectra of the
samples oxidized at 750 °C and 800 °C are not given here because they have similar shapes
and trends. The obtained dispersion curves are well correlated to those reported for thin
silicon oxide grown at temperatures below 1000 °C [33,34].

b 20
(a)sof L T =700°C (b) . T _=700°C
n 0 ox - N ox
é 250 P A - - - reference oxide (]C,) 15[ - - - reference oxide
o] d ——H’ 10" ion/em” S H+ 10" ion/cm’
< . — H'10"™ jon/em? = H+ 10" ion/cm’
o 20 J ——H" 10" ion/em® 0] H+ 10'® ion/cm®
> e Q 10t
'..a _______ o
g " 5
= =
o 1.0} Q05;
X
05 " oo i
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Figure 7. Dispersion curves of the refractive index (a) and extinction coefficient (b) in the spectral
range of 300-2000 cm ! for silicon oxide layers formed at oxidation temperature of 700 °C in Si
substrates implanted with different H* ion fluences.

Further, we analyzed the optical characteristics which contain information about the
absorption properties, namely, the imaginary ¢, part of the dielectric function ¢ and the
dielectric loss function Im (—1/¢). In Figure 8, as an example, the results for the Si samples
implanted with a H* ion fluence of 10' ion/cm? and subsequently oxidized at different
temperatures are given.

a [+ 14 . 2 ( b ) .
( ) 141 H" fluence - 10 ion/cm 5| H' fluence - 10" ion/cm?
121 ——700°C ——700°C
1ol ——750°C . ——750°C
800°C &’ ——800°C
~ 8 - - - reference N 2 -- reference
w (750°C) ‘E’ (750°C)
6 —
4t 1}t
2
0 I fl 0 I
500 1000 1500 500 1000 1500

Wavenumber (cm") Wavenumber (cm™")

Figure 8. IRSE spectra of the imaginary part ¢, of the dielectric function ¢ (a) and the dielectric loss
function Im (—1/¢) (b) of silicon oxide layers grown at different temperatures in Si, implanted with
H* fluence of 10'* ion/cm?. Data for reference oxide grown in non-implanted Si at 750 °C are shown.
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The complex shape of the spectral bands in Figure 8 implies the existence of Si-O
chemical bonding in different configurations. To obtain better insights, we deconvoluted
the main Si-O bands into Gaussian components. The obtained multiple Gaussian peaks
with close positions to each other suggest that the Si-O chemical bonds could be with
different bond angles or configurations [35,36]. For illustration purposes, in Figure 9
the deconvoluted main peaks with the Gaussian components, related to the stretching
vibrational mode of oxygen, are shown for oxides grown at different temperatures in Si
implanted with a H* fluence of 1013 jon/cm?.

H' fluence —10™ ion/cm’

H" fluence 10" ion/cm® T, —800°C H* fluence —10'® ion/cm?

T - 700°C
Peak Area Center Width

1 490.48 1061.1 144.27

2 426.28 1070.1 59.13
3 72457 1204.9 733

7000 1100 1200 1300
Wavenumber (cmi™)

ol T,-750C

Peak Area Center Width
1 125.13 1049.0 76.224
2 686.34 1074.4 49.301
3 104.53 1176.4 96.77

Q
900

1000 1100 1200 1300
Wavenumber (Cm”)

1400

Peak Area Center Width
1 118.21 1046.4 72.15
2 696.22 1074.6 49.33
3 106.70 1175.2 96.95

1100 1200 1300
Wavenumber (cm_1)

1000

Figure 9. Deconvolution in Gaussian components of the main peak related to stretching vibrational
mode of oxygen in oxides grown at temperatures of 700 °C (a) 750 °C (b) and 800 °C (c) in Si
implanted with H* fluence of 10'3 ion/cm?.

We have deconvoluted into Gaussians all vibrational modes related to Si-O bonds,
and the results are summarized in Table 3. The frequency shift of the TO and LO modes
as a function of the implanted hydrogen fluence and of the oxidation temperature is well
demonstrated. These bands are related to vibration of oxygen atoms bonded to Si in
different configurations, suggesting that the grown oxides contain also non-stoichiometric
SiOy (1 < x < 4) units.

Table 3. Peak positions in €, and Im (—1/¢) spectra as a function of H" ion fluence and oxidation
temperature, Toy.

H* Fluence

Peak Position (cm—1)

. Tox (°C)

(ion/cm?) o In the &5 Spectrum In the Im(—1/¢) Spectrum
700 444 460 805 1073 1074 1169 504 813 1157 1182 1240 1254
0 750 422 458 805 1073 1093 1202 503 814 1156 1178 1237 1253
800 - 460 805 1075 1077 1205 508 815 - 1180 1245 1254
700 408 462 805 1061 1070 1205 508 813 1129 1195 1246 1255
1018 750 440 460 805 1045 1074 1176 508 816 1172 1178 1232 1252
800 438 460 805 1046 1075 1175 507 815 1168 1192 1245 1255
700 446 471 805 1062 1063 1216 506 813 1114 1192 1245 1255
1014 750 440 460 805 1048 1074 1177 508 816 1166 1190 1243 1254
800 427 458 805 1073 1077 1179 509 817 1171 1188 1243 1255
15 700 455 465 805 1056 1069 1210 506 813 1128 1182 1236 1253
10 750 442 459 805 1048 1074 1178 508 816 1163 1184 1238 1253

The peak position of oxygen vibration in non-stoichiometric Si-O,-5i, complexes
appears around ~1045 cm ™! (TO) and ~1190 cm ™! (LO), while in Si-O3-Si units it appears
around 1070 cm ™! (TO) and Si-O-Siz at ~1130 cm ™! (LO) [35,36]. Usually, for stoichiometric
Si-O, tetrahedral units, the peaks are around ~1090 cm~! (TO) and ~1250 cm ™! (LO) [37].
As has been reported, at nanoscale oxide thicknesses the peak positions move toward lower
frequencies [32,38]. Therefore, it can be expected that the observed peaks at ~1074 cm !
(TO) and 1238-1246 cm ™! (LO), respectively, can be attributed to the vibration band of
oxygen in stoichiometric Si-O, units.
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N

Normalized areal ratio

In dependence on the technological conditions, the amount of Si-O3-5i, Si-O4 and
5i-0,-5i; complexes changes. In Figure 10, these changes are demonstrated by the variation
of the main characteristic peak area in the IR spectra. Each area of the Gaussian peaks is
normalized to the total peak area. Atlow temperature and low H* fluence, the predominant
complex in the oxides is the non-stoichiometric Si-O3-5i bonds. By increasing the temper-
ature, the oxide becomes more stoichiometric and the Si-O4 configuration predominates
(Figure 10b,c).

o

NHurm iy

H" fluence

C

77 si-0,si (b) 1ol T -750°C 22 Si-0Si ( )_9 ol T - 800°C Asi-o,
A s-o, _g E ox v si-o, 5 ox ) si-o,si,
W si-o,-si, g sl w2 -0, T: 08l

3 ' g

G 06f © 06}

g 3

2 o4} D o4}

= ©

[o]

£ o2 % 02}
Vim 77 S 7 7
10" 10° Z 00 iz = 0.0 Z vz
(ion/om®) o flueoce 0ty & o 2

H" fluence (ion/cm®) H" fluence (ion/cm

Figure 10. Variation of chemical bonding of Si-O complexes with the H* ion fluence and oxidation
temperatures of 700 °C (a), 750 °C (b) and 800 °C (c). The data are related to the main characteristic
peak in 1000-1300 cm~! spectral region.

Based on the above results, we can conclude that the optimal temperature for oxidation
of H*-implanted Si surface layers is 750 °C, which results in a nearly stoichiometric SiO,
layer (Figure 10b) and an acceptable low level of intrinsic oxide stress (Figures 3 and 4f).

3.4. AFM Imaging

In this section, the morphology of oxide surfaces resulting from the certain tech-
nological processes used is examined by AFM imaging. The results are summarized in
Figure 11, where the 3D AFM topographic images recorded from 1 um x 1 um scanned
areas are presented. In the figure, the 3D images display the surface of the nanoscale
oxides grown in implanted c-Si (100) with low-energy hydrogen ions at fluencies of 10'3,
10'* and 10" ion/cm? (from left to right) at temperatures of 700 °C, 750 °C and 800 °C
(from top to bottom). In our previous studies of the surface quality of samples prepared
by similar technological conditions and sequence, as used herein, the amplitude parame-
ters of root mean square roughness (S;), surface skewness (Ss) and surface kurtosis (S,)
were discussed [39,40]. Since these AFM parameters are very similar to those reported
in [39,40], we bring here into discussion the roughness average, S;, (defined as the arith-
metic average of the absolute values of the profile height deviations) and the peak-to-peak
height, Sy, (defined as the height difference between the highest and lowest pixel in the
image). The reason is that, in view of practical applications of the studied specimens, the
peak-to-valley parameter (Sy) is more intuitive and can be understood as the thickness
of the roughness layer (comparable with the thickness of the roughness, calculated in
Spectroscopic Ellipsometry).

Besides the amplitude parameters, two other spatial parameters [41] were evaluated
for the implanted and oxidized samples, namely the texture direction index, S;4;, and the
mean fractal dimension, MFD. Mathematically, the texture direction index, S,4;, is a measure
of the dominant direction (defined as the average amplitude sum divided by the amplitude
sum of the dominating direction), but here we use it as a measure of the sample’s isotropy
(if Sy > 0.5, then the surface is isotropic). The MFD (calculated for different angles by
analyzing the Fourier amplitude spectrum) gives a hint about the self-similarity of the
sample, in other words, the property of the sample to “replicate” its topography in areas.



Micro 2024, 4

438

H* fluence — 10'3 ion/cm*> —— 10!4 ion/cm?

Foun)
Average roughness, S, (nm)\g_),

-

105 ion/cm?

| 3.8nm
~ 0.0nm

6.3nm
00nm

29nm
0.0nm

Figure 11. Three-dimensional AFM topographic images recorded at the scale of 1 um x 1 pum,
ordered by increasing H* fluence from left to right and by increasing the oxidation temperature from
top to bottom.

The amplitude parameters S, and Sy together with the spatial parameters Sy;; and
MED are plotted in Figure 12. It is worth mentioning that, when comparing the reference
(non-implanted Si substrates) [39] with the implanted and oxidized specimens, an increase
in roughness can be noticed.
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Figure 12. The amplitude (average roughness, S, and peak-to-valley, Sy) (a) and spatial parameters
(texture direction index, S4;, and mean fractal dimension, MFD) (b) as a function of the oxidation
temperature for oxides grown in H*-implanted Si with different ion fluences.

In the samples implanted at a 10'® ion/cm? H* fluence (first column in Figure 11),
where the average roughness S, does not overcome 0.3 nm, it can be observed that the
peak-to-valley parameter Sy has a slight decrease for the sample oxidized at 750 °C, then
exhibiting a slight back-increase after oxidation at 800 °C. However, even at 800 °C, the S,
parameter does not exceed 4 nm over a 1 x 1 um? scanned area. Both spatial parameters
are specific for isotropic surfaces in these samples (H* 10'® ion/cm?), while the mean fractal
dimensions MFD values are well below 2.5, being specific for smooth surfaces.



Micro 2024, 4

439

For the samples implanted at a 10'* ion/cm? H* fluence (middle column in Figure 11),
some randomly distributed local non-homogeneities are present, which are most probably
formed during the oxidation process. This is reflected in the increase in the roughness
parameters, as the S, values increase from ~4 nm to ~5 nm by increasing the oxidation
temperature from 700 °C to 750 °C, and in the average roughness (S;), which doubles its
value from 0.17 to 0.37 nm. Simultaneously, the texture direction index, S;;;, undergoes a
slight decrease caused by the appearance of local non-uniformities (irregular oxide clusters),
but the samples preserve the isotropic texture.

For the samples, implanted at a 10'° ion/cm? H* fluence (right column in Figure 11),
after an abrupt increase in roughness parameters (both S; and S;) with the temperature
(from 700 °C to 750 °C), there is a tendency toward flattening, as at 800 °C the surface
becomes more uniform and less corrugated with increasing Sy4; values (isotropic character).

4. Conclusions

In the present paper, the results from a thorough study of the properties of nanoscale
oxides, grown on Si (100) implanted with hydrogen at low energy, are discussed. Beneficial
effects were found, such as increased oxidation rates at relatively low temperatures in
the interval 700 °C-800 °C, decreased Si-SiO, interface and oxide stresses and improved
surface morphology.

It can be concluded that the implantation with low-energy light H* ions did not
seriously damage either the Si surfaces or the Si subsurface layers, as evidenced by the low
stress levels estimated by SE and ER spectral analyses and AFM morphology. Hydrogen
atoms most probably have a catalytic role, increasing the oxide growth. Their presence
in the Si subsurface layers creates conditions for growing nearly stoichiometric oxides
with lower refractive indices and less intrinsic stresses at low temperatures, unusual in
Si technology.

From the point of view of silicon technology, the conducted studies can recommend the
optimal temperatures of 750 °C and 800 °C for oxidation of low-energy H* ion-implanted
Si surface layers, which yield a stoichiometric SiO; layer and significantly low level of
oxide stress.

From the UV-vis, IRSE and AFM topography results, it can also be concluded that
hydrogen promotes structural ordering of the oxide and the interface with the Si, which
predicts better electrical characteristics of 5i-5iO, structures being building blocks in Si-
based devices.

Our research makes some contributions to the demand for improved performance
of integrated circuits and electronic devices for the development of increasingly complex
applications in many industrial branches. This has created the need for new manufacturing
processes along with new metrological challenges to adequately monitor process control in
silicon technology during the fabrication of advanced nanostructures.
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