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We report the engineering of ultrathin top layer of Si substrate by low energy (14 keV) reactive ion bombard-
ment. The physicochemical nature of the layer is interrogated and the optical properties are explored. Irradiation
of nitric oxide (NO") and mixture of carbon monoxide & nitrogen (CO" + N3) ions on Si surface at normal
incidence leads to formation of multiple chemical phases of Si with varying ion distribution within the layer. It is
found that the chemistry of the topmost layer (~5 nm) is massively modified by the reactive projectiles, while
implanted rich layer is formed at a depth of 25 to 37 nm followed by an intermediate amorphous Si layer of 20

nm thickness. The Ultra Violet-Infrared (UV-IR) response of the modified layer reveals high sensitivity in the UV
region. The change in optical bandgap, estimated from Kubelka-Munks theory, indicates the presence of multiple
direct and indirect bandgaps. The potential applications of such chemically modified multi-layered ultra-thin Si

are addressed here.

1. Introduction

Silicon oxide, silicon carbide, silicon nitride and silicon oxy-nitride
thin films are used for the development of electronic and optoelec-
tronic devices, bio sensors, low dielectric materials, and nano-
mechanical components due to their appropriate electronic, chemical,
thermal, and mechanical properties [1-8]. Now a day, such ultrathin
layers have tremendous application in ultra-thin silicon nitride/oxide
solar cell, advance MOSFET, resonant tunnel diode etc. [9-12]. Syn-
thesis of these films are, usually, carried out by plasma enhanced
chemical vapor deposition [13,14], magnetron sputtering, and other
film deposition techniques. In these processes, the control on con-
certation and film thickness is not easy, and the films are not contami-
nation free. As an alternative process, the low energy ion implantation
serves several purposes of ultrathin films synthesis. It ensures the precise
control in thickness, concentration and contamination [15,16]. Further,
the implantation of single ion species can synthesize single chemical
compound on the surface [17], while molecular (NO" and (CO™ + N3))
ions can form multiple chemical phases due to simultaneous bombard-
ment of multiple projectile ion on the surface[17-19]. However, studies
of ion beam induced chemical modification of ultrathin Si layer are rare,
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specifically, molecular beam induced simultaneous development of
multiple chemical phases by normal incidence ion bombardment is new
and challenging. Moreover, for applications of such layer, basic under-
standing of chemical phase formation and optical nature of the ultrathin
films need to be well studied.

This manuscript investigates the formation of ultrathin layer with
multiple chemical phases due to 14 keV nitric oxide (NO™), and (CO™"
+N3) ion bombardment on Si substrate at normal incidence. The
developed chemical phases due to irradiation of these ions are detected
by X-ray photoelectron spectroscopy. The variation of electron density
as a function of depth is investigated using X-ray reflectivity measure-
ment. Further, the modified layer is investigated by high-resolution
cross-sectional transmission electron microscopy (TEM). The in-
vestigations reveal that the modified layer is approximately 40 nm thick
and consists of three sublayers. The top most 5 nm region is highly
altered by the reaction of projectile ions with Si atoms, while second
layer is mostly amorphous Si and the third sublayer is enriched with the
implanted ion species. The chemically altered top layer is evident from
the surface sensitive XPS measurements, while the inner sublayers are
interrogated by XRR and TEM. The profiles of damage and implantation
as a function of depth are also estimated by Monte Carlo SRIM

Received 3 February 2023; Received in revised form 16 June 2023; Accepted 19 June 2023

Available online 23 June 2023
0169-4332/© 2023 Elsevier B.V. All rights reserved.


mailto:prasantak@vecc.gov.in
www.sciencedirect.com/science/journal/01694332
https://www.elsevier.com/locate/apsusc
https://doi.org/10.1016/j.apsusc.2023.157837
https://doi.org/10.1016/j.apsusc.2023.157837
https://doi.org/10.1016/j.apsusc.2023.157837
http://crossmark.crossref.org/dialog/?doi=10.1016/j.apsusc.2023.157837&domain=pdf

J. Mukherjee et al.

14

] Mass S[;ectrum of
14 keV NO " ion

[\ ]
1

(Mm) o
=)

-
S
£8 -
—_
=
DG-
= N
= .
3 N,
m4 -
4 o’
o 2
2 4 H,0'

0
144 —— Mass spectrum of 14kV
1 2: Cco’ +N2+(mixed) ion

(b)

Beam current(uA)
-]

40 45 50 55 60 65 70
Dipole current(%)

Applied Surface Science 637 (2023) 157837

| — Virgin Si L]
] o]
_©
il e
E n 0
g @
£ ] 3]
E p
4 LJ T LJ L] L L m
b ‘—NO bombarded Si‘ by
} (o]
8
Z -
R
\./' o &
g N 5 a 2
§ | n (8) pd
Cha f“""'
] ‘ vt o F s 7]
] ——CO +N;,  ion bombal‘ded‘ -
2 ] o
z1(e)
~ /2]
- 0 -
\‘?;’ & A o &
£ a 9 z
= J ned
] e rmenaid
0 100 200 300 400 500 600

Binding Energy(eV)

Fig. 1. Mass spectrum of (a) Hetero nuclei (NO™) & (b) (CO™ +N3) ion extraction. XPS survey scan of (c) virgin (d) NO™ (e) (CO*+N3) ion bombarded Si surfaces.

simulation [20], which is consistent with the experimental results. The
UV-IR reflectivity is used to study the variation of refractive index of the
physico-chemically altered and layered films over the entire UV-IR re-
gion. The change in bandgap due to presence of several chemical phases
is also marked in this article.

2. Experimental

Commercially available p-type single crystal (1 00) silicon wafers of
size 1 cm x 1 cm are used for irradiation after proper cleaning with
trichloroethylene in an ultrasonic bath. The ions are produced in an all-
permanent magnet based 2.4 GHz Electron Cyclotron Resonance (ECR)
ion source, which consists of a plasma chamber, permanent magnets,
microwave source and gas feeding system. The magnets provide an axial
and radial magnetic field to gyrate the electrons at cyclotron frequency
of 2.4 GHz and confine within a specific region of the plasma chamber.
Gas of which ions are to be produced is injected into the plasma
chamber. When the microwave power of same frequency (2.4 GHz) is
transported to the plasma chamber through a wave guide, the power is
resonantly transferred to the electrons. The energetic electrons ionize
the gas and form the ECR plasma. The ions are extracted from the plasma
through an aperture by applying appropriate electric field. In order to
generate NO™" ions, nitrogen and oxygen gases are introduced in equal

partial pressure into the ion source. The base pressure of the ECR
chamberis 5 x 10”7 mbar. Similarly, carbon dioxide, and nitrogen gases
are introduced into the ECR ion source to produce (CO™ + N3) ions. The
ion with different mass to charge(A/q) ratio are filtered using a dipole
electromagnet. Interestingly, carbon monoxide and molecular nitrogen
ions with same mass to charge ratio (A/q = 28) are filtered out at same
magnetic field and used as (CO™ +N3) ion beam. Finally, the ions are
implanted on Si surface at the target chamber. The pressure of the target
chamber is 9 x 1078 mbar throughout the experiment.

The surface chemical composition before and after ion bombardment
is detected using Omicron multi probe X-ray photoelectron spectrometer
(XPS) in ultra-high vacuum (~10% mbar), equipped with mono-
chromatic photon energy 1486.6 eV (Al K,) and EA 125 hemispherical
analyzer [21]. The energy resolution of the analyzer is 0.6 eV. The
binding energy is calibrated by assuming the peak position of C 1 s at
284 eV [22]. The corresponding XPS spectra are fitted by casa peak fit
software using Gaussian -Lorentzian(GL) distribution with the help of
ML algorithm [23]. No constraints are applied during fitting.

The X-ray reflectivity measurements of the ion modified samples are
carried out using an X-ray diffractometer (Smartlab, Rigaku) equipped
with a copper source (wavelength 1.54 A) [24]. The scattered beam is
detected using Nal scintillation detector. Data is recorded in such a
condition that the incident angle is equal to the reflected angle and both
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Fig. 2. High Resolution X-Ray Photoelectron Spectra of Si 2p of (a)Virgin Si, ())NO" bombarded Si, (c) CO* +N3 bombarded Si & O 1 s of (d) Virgin Si, (e) NO™
bombarded Si, (f) CO* + N3 bombarded Si at 0° ion incidence with fluence 1 x 10'® jons/cm?.

are in a scattering plane. Under this condition, the resolution of the non-
vanishing wave-vector q, (=4x Sin©/1) is 0.0014 A~L.

The cross-sectional Transmission Electron Microscope study is car-
ried using FEI, Tecnai G2 F30, S-Twin microscope operating at 300 kV
with a Gatan imaging filter (mode 963). The sample is prepared by
mechanical grinding, dimpling and ion polishing for TEM study. The
optical response by means of UV-IR reflectivity of pristine and ion
modified surfaces are recorded using Shimadzu 3600 UV-IR spectrom-
eter ranging from 190 nm to 1200 nm. This reflectivity data is used to
estimate the variation of refractive index as well as optical bandgap of
the newly developed material.

3. Results and discussions

The mass spectra of projectile ions and the XPS survey spectra of the
Si samples before and after ion irradiation are shown in Fig. 1. The most
intense peak corresponds to NO™ ion is depicted in Fig. 1(a). Similarly,
the intense peak of (CO™+N3) ion is shown in Fig. 1(b). Since, the mass
to charge ratio (A/q) of CO™ and N§ are same (28:1), they are filtered at
same magnetic field of the dipole electromagnet (Fig. 1(b)). The ele-
ments present in Si surface before and after the ion bombardment

(fluence 1 x 10'® ions/cm?) are identified from the XPS survey scans,
and presented in Fig. 1(c)-(e). The presence of nitrogen is detected after
NO" ion bombardment (Fig. 1(d)), whereas the (CO"+N3) ion
bombardment leads to change in the intensity of carbon, oxygen and
nitrogen compared to virgin Si surface. Trace amount of carbon
contamination is found in virgin Si due to wafer processing.

In order to investigate the surface chemical nature of virgin and ion
modified Si surface, the high-resolution XPS spectra are presented in
Fig. 2. The high resolution Si 2p spectra of virgin Si (Fig. 2(a)) is best
fitted by two GL peaks (GL-30) positioned at 99.5 eV and 103.4 eV,
corresponding to elemental Si and native silicon oxide (SiO3) [25]. The
formation of native oxide is due to the exposure of sample in air before
experiment. The high-resolution Si 2p of NO* bombarded Si at angle
0° with fluence 1 x 10'® ions/cm? (Fig. 2(b)) shows a broad spectrum
centered at 102 eV. This wide spectrum is fitted in two peaks (GL —30)
positioned at 101.8 eV and 102.3 eV, confirming the formation of silicon
nitride [26] and silicon oxynitride [27], respectively. Similarly, the
high-resolution Si 2p spectrum of (CO™ + N%) ion bombarded Si with
same ion energy, fluence and incidence angle is presented in Fig. 2(c).
The broad Si 2p peak is fitted in four GL peaks at 99.5 eV, 100.1 eV,
102.4 eV and 103.3 eV, which indicate the presence of elemental Si and



J. Mukherjee et al.

Tablel
Atomic percentage of Si in virgin and ion bombarded Si surfaces.
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Sample Atomic % of Atomic % of Siin form of  Atomic % of Si in form of Atomic % of Si in form of Atomic % of Si in form of
Elemental Si SiC SizN, SiOx/ SiOy SiONy
Virgin Si 81 19
NO* bombarded 31 27 42
CO" +N3 18 28 10 44
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Fig. 3. High resolution X-ray Photoelectron spectroscopy of N 1 s of (a) virgin Si, (b) NO" bombarded Si, (c) CO* +N3 bombarded Si. C 1 s spectrum of (d) virgin Si,
(e), NO* bombarded Si, (f) CO* +N3 bombarded Si at 0° ion incidence with fluence 1 x 10'® jons/cm?.

formation of silicon carbide [28], silicon oxynitride [27] and silicon
oxide [29], respectively. Hence, the chemical shift of Si 2p of ion
modified surfaces indicate the presence of multiple chemical phases in
case of molecular (NO™) and (CO" +N3) ion bombardment on Si sur-
face. The atomic percent of Si in the form of element and its compounds
is estimated from the high-resolution Si 2p spectra and are listed in
Table 1. The average depth of information for the XPS measurements is
approximately 5 nm. Thus, the information obtained from the XPS is

restricted within the surface region. Further, the samples are not ho-
mogeneous along the depth because of native oxide formation in virgin
Si and reactive ion implantation in irradiated Si samples. For virgin Si,
native oxide layer is approximately 1.5 nm thick. The native oxide layer
is also not homogeneous along the depth. The oxidation is maximum at
the surface and decrease with the depth. We, thus, observed 19 and 81
atomic percent of Si in oxide and elemental states respectively, in the
virgin Si sample. In case of NO™ and (CO' 4+N3) bombarded Si, the
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Fig. 4. X-ray Refelectivity of (a) virgin Si, (b) NO™ bombarded Si, (c) (CO" + N3) ion bombarded Si. Variation of corresponding electron density profile with depth

are plotted in inset.

modified layer thickness is much more than the XPS information depth.
Therefore, the data shown in Table 1 provides the information up to the
depth (~5 nm) of information only. It is observed that 31% and 18% of
Si atoms are in elemental form for NO™ and (CO™ +N3) bombarded Si,
respectively, while rest of the Si atoms form compounds as shown in
Table 1. As we used uniform broad ion beam, we assumed all the sam-
ples are homogeneous in lateral direction; however, concentration and
nature vary along the depth that has been probed by XRR and cross-
sectional TEM (described later).

Further, to ensure the formation of these chemical compounds,
corresponding high resolution spectra of individual elements i.e., Ols,
N1sand C1 s are also presented in Figs. 2 and 3. The high resolution O 1
s spectrum of virgin Si (Fig. 2(d)) with a peak positioned at 532 eV
confirms the presence of native silicon oxide [30]. The chemical shift of
high resolution O 1 s spectrum (Fig. 2(e)) of NO* bombarded Si towards
lower binding energy (531.8 eV) ensures the formation of silicon oxy-
nitride [31]. The O 1 s spectrum of (CO" + N3) ion bombarded Si (Fig. 2
(f) is fitted in two GL peaks at 532.6 eV and 533.9 eV confirming the
presence of silicon oxynitride [31] and silicon oxide [32].

The absence of nitrogen in virgin Si is obvious from Fig. 1(b) and 3
(a), with no distinct peak around 397 eV. The high resolution N 1 s
spectrum of NO" ion bombarded Si (Fig. 3(b)) is fitted with two GL
peaks positioned at 397.4 eV and 398.5 eV corresponding to silicon
oxynitride [33] and silicon nitride, respectively [34]. Similarly, N 1 s
peak at 397.6 eV(Fig. 3(c) indicates the existence of silicon oxynitride
[31] for (CO™ + N3) bombardment. The presence of elemental carbon in

virgin Si is detected from the C 1 s peak at 284 eV (Fig. 3(d)). C1 s
spectrum of NO" ion bombarded Si (Fig. 3(e)) also shows the elemental
form of the impurity carbon, but C 1 s spectrum of (CO" 4 N3) ion
bombarded Si indicates silicon carbide (282.16 eV) formation in addi-
tion to the elemental carbon (284 eV)[35] (Fig. 3(f)). Therefore, in case
of NO' bombardment, silicon oxynitride and silicon nitride phases are
formed while a mixture of silicon carbide, silicon oxynitride and silicon
oxide is formed due to (CO" + N3) ion bombardment.

Therefore, the detailed XPS analysis clarifies that normal bombard-
ment of NO" on Si surface leads to the formation of silicon nitride and
silicon oxynitride on the surface. NO™ ion dissociates on impact with Si
target and produces energetic N and O atoms. The N and O atoms reacts
with Si surface to form silicon oxide and silicon nitride. Further
bombardment leads to oxidation and nitridation of silicon nitride and
silicon oxide, respectively, and forms silicon oxynitride [36]. Generally,
the rate of nitridation of silicon oxide is more than the rate of oxidation
of silicon nitride and hence silicon nitride exists with silicon oxynitride.
Previously, it was reported by our group that off normal incidence of
NO™ ion on Si surface forms silicon oxide and silicon oxynitride at
different parts of nanostructure[18,19]. Similarly, in case of (CO™ + N3)
ion bombardment, the simultaneous reaction of carbon, nitrogen and
oxygen leads to silicon carbide, silicon oxide and silicon nitride forma-
tion at the early stage. With further bombardment, the silicon nitride
and a part of silicon oxide react to form more stable oxynitride (found in
broad peak) [18,19].

In order to investigate the modification of the thin layer with depth,
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X-ray reflectivity measurements as a function of q, (=4x Sin 6/1) for
virgin and ion modified Si samples are presented in Fig. 4. The REFLEX
program is used to fit experimental data and this program is based on
transfer matrix method calculation [37 38]. Interaction with electro-
magnetic radiation of a material can be described using complex
refractive index. The refractive index of the j medium of a material is
given by n; = 1 —¢; —if};, where §; is related to atomic scattering factor
and electron density and f; is related to the x-ray absorption[37]. During
fitting, each film is modelled with several layers and each of these layers
consists of four parameters: §, f, thickness and interface roughness. The
parameters are optimized using Nelder-Mead Simplex algorithm [39].
The Chi-square (XZ) parameter, which is used to describe the match
between calculated profile and experimental data, is given by.

. . 2
I (L. — 1.
2 __ data cal
z = nZi:] ( I >

data

where, n is total data points. I, and I'; are the experimental and
calculated values of i data point. The electron density values are
extracted from these optimized parameters. Significant changes in the
calculated curve and in Chi-square are found if these parameters differ
by + 2% from its optimized values.

Reflectivity spectrum of virgin Si (Fig. 4 (a)) contains no oscillation.
The presence of hump (or oscillation) in reflectivity spectra of ion
modified surfaces (Fig. 4(b) and (c)) clearly indicates modified film/
layer formation [40]. The rapid fall of reflectivity at g, = 0.1 nm ™" in-
dicates the damping of the oscillation due to high roughness at surface

and interface of the film [41,42].. The obtained electron density profile
(EDP) is shown inset of each figure. The EDP of virgin Si indicates the
presence of native oxide layer of thickness ~ 1.5 nm and then a constant
electron density is found around 700 for the bulk Si. On the other hand,
the electron density profile has multiple steps near the surface region for
NO™ and (CO™ +N3) ion bombarded Si. It indicates multiple chemical
phase formation near the surface (around 5 nm) for molecular or (cot +
N3) ion bombardment as observed from XPS measurement. At deeper
depth, between 5 and 25 nm, the electron density remains almost con-
stant for both the cases. A dip and hump of thickness ~ 12 nm is
observed for both the cases in the depth range 25 to 37 nm. During ion
bombardment, Si atoms are knocked and displaced, which results in
vacancy formation. Also, the projectile ions are implanted at a certain
depth of Si substrate without having reaction with Si atoms [43] leading
to increase in electron density. These effects are responsible for the
variation of electron density profile.

To estimate the damage layer as well as the profile of the implanted
ions in Si substrate, Monte Carlo simulation is carried out using SRIM
(BCA) software [20]. We assume that NO™ and (CO™ + N3) ions disso-
ciate on impact and the energy sharing follows the energy and linear
momentum conservation. Therefore, 14 keV NO™ is equivalent to 6.47
keV N' and 7.53 keV O, while 14 keV (CO™ + N3) ion is equivalent to 6
keV C*, 7 keV N' and 8 keV O. The estimation of vacancy and im-
plantation profiles by the projectiles are presented in Fig. 5 (b) and (¢). It
is observed that vacancy profile is extended from the surface to 40 nm
deep with the peak around 12 nm and FWHM of 25 nm. The depth



J. Mukherjee et al.

Applied Surface Science 637 (2023) 157837

Fig. 6. Cross sectional TEM study of (a) NO™ (b) (CO™ 4+N3) ion bombarded Si;

profile of implanted species is shifted by 12 nm compared to the vacancy
profile and has the peak at 25 nm. Thus, an amorphous layer of about 40
nm is expected while the implanted species are mostly populated at the
end part of the modified layer.

Therefore, it is clear from X-ray reflectivity measurements that NO™*
and (CO™+ N3) ion bombardment leads to form a modified thin layer,
which can be subdivided into three sub layers. However, the interfaces
between the layers are not sharp, which is also evident from the electron
density profile and SRIM calculation (Fig. 5). The topmost ultrathin
layer (~5 nm) is enriched with different chemical phases (oxide, nitride,

oxynitride and carbide) due to the direct chemical reaction of top sur-
face atoms with the reactive projectiles. In case of NO bombarded Si,
the topmost layer consists of a mixture of silicon nitride and oxynitride,
whereas in case of (CO™ 4+ N3) ion bombardment, the top surface is the
mixture of silicon carbide, silicon oxynitride and silicon oxide. The
electron densities of silicon compounds are lower comparative to pure-
Si. The electron density profile near the surface (upto ~ 5 nm) (Fig. 5a)
and XPS data (Fig. 2 &3) of the surface, thus, support the formation of
different chemical phases of Si near the surface after NO™ and (CO™ +
N3) ion bombardment.
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The next layer (layer 2) is mainly amorphous silicon having ion
induced vacancies and implanted ions. This layer of approximate
thickness 15-20 nm shows almost constant electron density from the
XRR measurements (Fig. 4). SRIM [20] calculation have identified this
region (Fig. 5) where both Si vacancies and implant species are present.
This layer is mainly enriched with Si vacancies, but also have certain
number of implanted species. The third layer (approx. from 25 nm to 40
nm) consists more amount of the implanted ions than the vacancies
where the electron density profile shows a dip and hump (Figs. 4 and 5
(a)). It is found from the SRIM [20] calculation that the projectile ions
will be mostly implanted at a depth of around 25 nm and extended upto
50 nm. The implanted ion profiles are also shifted right by approx. 12
nm compared to the vacancy profile. Thus, the developed third layer is
also amorphous silicon but enriched with implanted projectile ions.

In order to visualize the three parts in the reactive ion modified thin
layer, high-resolution Transmission Electron Microscopy (HRTEM)
study is carried out and presented in Fig. 6. The topmost chemically
modified layer is not distinguishable from the TEM data, but vacancy
rich amorphous layer (second layer) and implanted ion rich third layer
in both the cases are clearly visible. In the case of NO™ bombardment,
two amorphous layers with thickness 23.07 nm and 12.10 nm are
formed. Similarly, in case of (COT + N3) ion bombardment, two
amorphous thin layers of 25.6 nm and 11.7 nm thickness are formed.
Shift of the implantation profile by approximately 12 nm than the va-
cancy profile (SRIM calculation in Fig. 5) leads to form implant rich
amorphous third layer of approximate thickness 10-12 nm. Therefore,
the cross-sectional TEM study also shows a good agreement with XRR
data and Monte Carlo simulation.

Energetic ions of NOT and (CO"4N3) transfers their energy to the
target atoms and forms a collision cascades. Vacancy and interstitial
defects (Frenkel pair) are formed in the target and the projectile ions are
implanted at a depth (range) where energy becomes nearly zero. Thus, a
damage layer is formed up to the range of projectile ion and the pro-
jectile ions are implanted throughout the damaged layer. The damages
and implants are non-uniformly distributed as a function of depth. The
peak of the vacancy distribution is always at a lower depth than the peak
of ion range distribution [44,45]. Fig. 5 show the distribution profile of
vacancies and implanted ions, respectively, for NO" (Fig. 5b) and (CO +
N3) (Fig. 5b) ion bombardment on Si using the SRIM freeware [20]. Ion
surface interaction simulation, in static condition, by SRIM freeware
cannot describe exactly the implantation and damage profile as
observed experimentally, but it gives an indication that a vacancy rich
and an implant rich regions may form in the present case. The first sub-
layer at the surface is developed due to the differential sputtering of Si
and its compounds. The ion-modified layer consists of amorphous silicon
atoms and compounds of silicon as described above. For continue ion
bombardment with projectile ions the damage creation and implanta-
tion occurs inside the Si, simultaneously, surface atoms are sputtered
and the surface boundary shifts towards the depth. Due to preferential
sputtering of Si, the surface layer becomes different from the rest of the
modified layer. The sputtering of Si is always more when it is in pure
form than its compounds (oxide, carbide, nitride, oxynitride) during the
impact of C, N and O ions [46]. Continue bombardment leads to enrich
the surface layer by the compounds of Si than pure Si. Thus, the surface
layer (first sub-layer) of approximately 5 nm thick is formed as detected
by XRR electron density profile (Fig. 5a).

The optical sensitivity of virgin and ion modified Si layer is investi-
gated by UV-VIS-IR reflectance spectroscopy for wavelength range 200
nm to 1200 nm. The penetration depth of the UV-VIS-IR light depends
on its wavelength. Generally, the penetration of the UV light in silicon is
very less compared to visible light [47]. The change in reflectivity occurs
due to change in surface chemical nature, amorphization on the surface,
defect/damage formation, multiple layer formation on the substrate.
The polished virgin Si surface exhibits a maximum reflectance of 75% in
UV region (near 300 nm), as shown in Fig. 7(a). The spectra contain
three peaks at 217 nm (5.7 V), 274 nm (4.5 eV) and 368 nm (3.36 €V) in
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UV region. Similar peaks were also observed by Schmidt et. al [48] and
the spectra resemble to that reported by Liu et al. [49]. It is clear from
Fig. 7(a) that virgin Si is more sensitive to EM wave at lower wavelength
region (UV region) compared to visible region. The well-known fact that
the bandgap of virgin Si lies in IR region (around 1127 nm) and hence
the reflectivity decreases at this wavelength as observed here. The
presence of multiple layers with silicon oxide, nitride, oxynitride, car-
bide in the top surface, changes the reflectivity of the UV-IR spectra. The
reflectivity of NO™ and (CO* 4 N3) ion bombarded Si surfaces reduces
drastically in UV region as observed in Fig. 6(b). The variation of
reflectance spectra of NO' bombarded Si resembles with the reflectance
spectra of silicon nitride in lower wavelength region, whereas in higher
wavelength region, the spectra is similar to the spectra of silicon oxide
[50,51]. Compared to silicon nitride and oxide, silicon carbide is a wide
bandgap material with high absorbance. The presence of sufficient
amount of silicon carbide (Table 1) in case of (CO™ +N3) ion bombarded
Si lowers the reflectivity in UV region compared to NO™ bombarded Si.
Therefore, in our case, the presence of multiple chemical phases on the
top surface layers lead to lowering the reflectivity of the Si surfaces in
UV region compared to virgin Si. The UV-Vis data is used to estimate the
variation of absorption coefficient with photon wavelength. The ab-
sorption co-efficient is estimated by Kubelka Munk’s method. In case of
reflectance spectra, the absorption coefficient (a) is related to reflec-
tivity by the equation a = (1-R)? /2R, where R is the reflectivity. This
technique relates the Tauc’s plot with Kubelka-Munk’s plot. The ab-
sorption edge is defined as the point beyond which a sharp rise in
absorbance is found. The ion bombardment causes a shift in absorption
edge from 280 nm (virgin Si) to 240 nm (NO™) bombarded Si (inset of
Fig. 7(a) and (b)). This indicates the good optical property of the
fabricated ultrathin films [52].

To investigate the change in dielectric property of these ultrathin
films, the variation of refractive index with photon energy is presented
in Fig. 7(c) & (d). The refractive index is directly related to dielectric
property of the material. In between the several methods of estimating
the refractive index, the spectrophotometry method is used to estimate
the refractive index of the ion modified surface. The reflectivity (R) is

related to the refractive index by the relation n = Eifg; + {ai—;)z —KZ},

[53] where R is the reflectivity and K is the extinction or attenuation
coefficient. The attenuation coefficient is defined as K = aA/4x, where a
is the absorption coefficient and A is the photon wavelength. This
method is known as Hapke’s method [63], which is applicable for
diffused reflection spectroscopy (DRS) of thin films as well as powder
samples [55]. A nonlinear variation of refractive index is seen for virgin
and ion modified Si surfaces (Fig. 7(c)&(d)). Similar kind of spectra for
virgin Si is already reported by El-Sayed et.al [54]. Generally, all these
chemical phases are well known dielectric and possess a nonlinear
refractive index which is evident from Fig. 7(d). The refractive index of
NO™ bombarded Si surface is maximum at 500 nm and minimum at 250
nm (Fig. 7(d)). On the other hand, the variation of refractive index of
(CO" + N%) ion bombardment is much less compared to NO™ bom-
barded case (Fig. 7(d)). Refractive index is also UV sensitive. This can be
considered as a resonant effect, which occurs between incident light
photons and electronic polarization of the sample. The equality between
the plasma frequency and the incident photon led to electron coupling in
the oscillating electric field in UV region, hence the peaks are observed
[55].

The change in optical band gap due to change in surface chemical
nature is estimated using Kubelka-Munk’s theory [56]. Multiple linear
portions of the equation [F(R)h]Y™ = B (hv - Eg), are extrapolated in

d(F(R)hv)?

energy axis (from inflection point where )~ = 0) to determine the

optical bandgap of the material. We consider n = 2 and % for direct and
indirect transitions, respectively. E; is the optical bandgap and B is a
constant [57]. The corresponding reflectivity (R) data of virgin and ion
modified surfaces are used to calculate Kubelka-Munk’s function,
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Fig. 8. Estimation of direct and indirect optical bandgap of (a) & (b) virgin and (c)-(f) ion bombarded Si surfaces.

Table 2
Estimated bandgap of virgin Si and ion modified ultrathin films on Si surface.

Sample Direct bandgaps (eV)  Indirect bandgaps (eV)
Virgin Si 1.2 1.1
NO* bombarded Si 3.9 2.5

CO* +N3 ion bombarded Si ~ 3.45 No bandgap in UV-IR region

defined as F(R) :%. The optical bandgap of virgin Si in both direct
and indirect modes are presented here in Fig. 8(a) and (b). It is well
known that optical bandgap of virgin Siis 1.2 eV and 1.1 eV in direct and
indirect mode, respectively [58]. The ion induced modification changes
the bandgap as shown in Fig. 8 (c)-(f). The NO™ bombarded Si surface
(which is a mixture of silicon nitride and silicon oxynitride) exhibits two
direct bandgaps of 3.9 eV and an indirect bandgap of 2.5 eV as seen in
Fig. 8(c) and (d), respectively. The (CO" + N3) ion bombardment Si
surface (having a mixture of four chemical phases) shows a single direct
bandgap of 3.45 eV but no indirect bandgap is found in this region
except the bandgap of Si (Fig. 8 (e) & (f)). Interestingly, in each indirect
transition, the band gap of Si (an indirect bandgap semiconductor with a
bandgap of 1.1 eV) is present. [59]. The estimated bandgap of virgin and
ion modified Si surfaces are listed in Table 2. The bandgap of silicon
oxide, nitride and carbide are 8.9 eV, 5.1 eV, and 3.26 eV [60]. Never-
theless, the mixture of amorphous silicon oxide, oxynitride, nitride and
carbide indicate a lowering of the bandgap. However, the bandgap of
silicon oxynitride generally varies from 2 eV to 4 eV depending upon the
stoichiometric ratio of oxygen and nitrogen [60]. Hence, the bandgap
observed in these cases, are due to major contribution of silicon
oxynitride.

4. Conclusions

In conclusion, we have studied ultrathin layer formation on Si sur-
face by nitric oxide and (CO" + N3) ion irradiation. The ultra-thin film
formation with more than one chemical phase can be achieved by
irradiating the Si surface with these ion beam. The irradiation of these
two beams leads to simultaneous irradiation of carbon, nitrogen and

oxygen like reactive ions on Si surface. The simultaneous reaction of
carbon, nitrogen and oxygen with silicon atoms leads to form multiple
chemical phases. The presence of multiple chemical phases and bandgap
can be used for tailoring the optical absorption and reflection from the
surface, which is important for electromagnetic shielding, anti-
reflection coating, biological applications etc. The presence of silicon
carbide, silicon oxynitride and silicon oxide leads to a variation of
dielectric property applicable for different optical fiber, graded index
fiber, gate dielectrics in optoelectronic devices etc. [61,62]. Moreover,
the tailoring of bandgap over a wide range indicates its uses in photo-
voltaic device, solar cell applications while implanted rich layer is
formed at a depth of 25 to 37 nm followed by an intermediate amor-
phous Si layer of 20 nm thickness.
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