OI3UKA I XIMIA TBEPAOI'O TUTA
T. 4, Ne 3 (2003) C. 407-413

PACS: 81.65.CF, 81.40. TV, 81.70.FY

PHYSICS AND CHEMISTRY OF SOLID STATE
V.4, Ne 3 (2003) P. 407-413

ISSN 1729-4428

7. Rutkiiniené, A. Grigonis, A. Rézal, J.G. Babonasl, A. Jotautis

Formation of Multilayer Structures on the Silicon Surface after
Etching in Plasma

Kaunas University of Technology, 50, Studenty, Kaunas, 3031, Lithuania
! Semiconductor Physics Institute, 11, GoStauto, Vilnius, 2600, Lithuania
e-mail: Zivile. Rutkuniene@ktu.lt

Silicon surface was analyzed after radiation by CF,;, CF,;+H,, CF,Cl, plasmas in this work. Formation of
multilayer structures on the silicon surface during plasma treatment was obtained after ellipsometric measurement.
Their optical parameters were changed to 2 um in the depth. Optical response strongly depends on the etching
duration in the CF,Cl, plasma and varying from pure silicon surface to samples having irregular interference image in
the dielectric function spectra. Small deflections can be modeling as relatively thin and transparent layers (30-50 nm)
formatted as SiO, or other transparent materials, like CH, SiF,, which optical parameters and ¢ value is close to it.
Polymerization on silicon surface is effective in CF4+H, plasma and became more intensive when H, concentration
increases. Four-layer structure formatted on the surface when silicon is treated in CF4+ 20% H, plasma. Fluorinated
and hydrogenated carbon is predominant in the first layer. Refractive index and thickness of this layer intensively
varied while CF, and C-CF, bounds predominate. Si-F, and Si-C bounds dominated in the second deeper layer. The
third layer is silicon damaged by ion bombardment. Its refractive index equals 4.63.
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I. Introduction

Silicon integrated circuits are most by widespread
today. Silicon is easily processed in comparison to other
semiconductor materials (GaAs, InP), and its oxide is
used as an insulator. Control of reactions and their
kinetics are very important using plasma etching
methods. Reactive ion etching of silicon and other
surfaces is an important material processing technique
that is widely used by the semiconductor industry in the
fabrication of integrated circuits or micro sensors [1].
Converting Si into volatile halides is today responsible
for almost all silicon plasma etching: SiF, and SiCl, are
usually the main final products. Initial products are
produced by reactions between silicon and atomic or
molecular halogens [2]. The elementary interaction of
halogen with silicon is inherently complicated by
temperature effects, morphology and crystallographic
effects, trace impurities, ion bombardment, doping
effects, and other factors that have not been identified yet
[3]. The final products are not necessarily the same as the
initial products emitted from the surface. SiCl,, for
example, is an initial product in ion - accelerated poly
silicon etching, but it reacts with Cl and Cl, in the gas
phase to form SiCly [4].

Anisotropic etching of silicon in fluorine atom rich
plasmas is practically impossible under the most plasma
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etching conditions because of the rapid spontaneous
chemical reaction between fluorine and Si. Low pressure
plasmas with high substrate “bias” in CF, are an apparent
exception, the gas phase concentration of F atoms but in
this regime is lower relative to the adsorbed halocarbon
species and flux of ions. The main goal is to achieve the
anisotropy of etching using mixtures of gases with
physical and chemical treatment; sidewall protection
etching is the main requirement here. The CI atoms,
however, are substantially larger than the F atoms and
have much greater difficulty forming a volatile silicon
chloride molecule in the absence of ion bombardment. CI
etches Si quite well when ion bombardment is added to
chemical fluxes, because the activation energy of
chlorine is lower than activation energy of fluorine
(Ea=0.108 eV for chlorine and Ea = 0.2 eV for fluorine)
[5]. Ion bombardment causes not only the sputtering of
material but also activates chemical processes such as
polymerization, etching [6], and causes intermixing
between surface atoms and atoms from the bulk [7].

II. Experiment

Single-crystal silicon substrates (111) of p-type
4.5 Qcm have been etched in CF,, CF, + H,, CF,Cl,
gases in the 13.6 MHz asymmetric diode system PK
2420 RIE (ADS), where the samples have had a negative
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bias voltage (0.1-0.5 keV), and pressure varied from 0.1
to 26.6 Pa. The composition of the altered layer was
subsequently analyzed “ex situ” by X-ray photoelectron
spectroscopy (spectrometer KRATOS ANALITICAL)
(XPS), ellipsometry (variable angle null ellipsometer
EL11D, wavelength 632.8 nm, laser HeNe), scanning
electron microscope (EM25), profilometry (TAYLOR
HOBSON). The spectroscopic studies in the middle of
infrared range 2-10 pm were performed making use of a
standard spectrometer SPECORD M 82 supplied with
additional unit for the measurements of specular
reflectance. The experimental spectra were taken at the
angle of incidence equal to 22.5°.

XPS spectra were obtained using a Al (Ka) radiation
source. XPS spectra were separated to components by the
least-square method in order to estimate the binding
energy and photoelectron intensity of each component.
Type of bonds was estimated from the previous reports
[5,8-10].

A steady — state condition on the surface occurs
some 20-40 minutes after the interruption of etching
process and depends on the adsorption of admixtures
from the surroundings. We estimate dominating radicals
in plasma and on the surface in comparison to our
experimental results with other published authors [10-
13].

II1. Results and discussion

a) Etching in CF,Cl, plasma

Etching velocity and surface state depend on
bombarding ion energy and power density of irradiation.
Carbon concentration on the surface increased when Ei <
100 eV and W < 3 W/em® after 20 min. of etching
became close to 60% of full surface atom concentration.
It decreased to 45% and became established when
etching was longer (t 20 — 40 min.). Silicon
concentration conversely decreased and after 40 min. of
etching it was close to 15% and later did not change.
Concentrations of oxygen, fluorine and chlorine were
established in all etching process (halogen concentration
was about 5%) [14].

Concentration of carbon per 1-2 min. came to 40%
and later has not changed when Ei = 400 eV and W >
3.2 W/em®. Silicon concentration decreased and after
10 min. it amounted 15-20% of surface atoms. Fluorine
(chlorine) concentration gradually increased and after
60 min. make up to 35% of surface atoms, whereas
oxygen concentration gradually decreased. Synthesis of
silicon (Si 2p) XPS peak showed that silicon on the
surface is unbounded or in SF, (SiCly) bounds when
energetic radiation is low, but concentration of
unbounded silicon quickly decreased and higher
concentration of silicon was obtained in composition of

l
C-CF
f \ see
0
CF-CO l}; ‘(
CF107%  §4 Y/lﬂ—\——lgg%
4.4% j. Si-C

} *,———937%

- d:h;._-.,_h'-..-:-_.:-_.p o —
295 290 285 280
Binding energy, eV
a)
e e e e
CF-CO ) C-C
17.1% %\
-CF i
21.35% «
-CF2 Fd
6%
.-f":.
.—:?—h =
292 290 288 286 284 282

Binding energy, eV

b)
Fig. 1. XPS Cls spectra after silicon etching in CF,Cl, plasma: a) ion energy 100 eV, b) ion energy 400 eV
Etching duration 10 min.
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a)
Fig. 2. Cross section (a) and surface (b) scanning electron microscope images of p-Si exposed to ion-etching for
10 and 40 min, respectively.
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Fig. 3. Dielectric function for initial Si sample (a) and for the sample etched for 20 min (b).
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Fig. 4. Spectral dependence of the specular reflection coefficient for two Si samples exposed to ion-etching in
CF,Cl, for 30 min (sample 1K3) and 40 min (sample 1K4).

SiC, SF4 (SiCly) bounds when ion energy increased [14].
Type of these silicon bonds and unbounded silicon was
obtained in all etching duration. Desorbtion energies of
SiF, (SiCly) are high (especially for SiCl, and SiCls), so
they can stop silicon etching when plasma temperature is
low (T <800 K) [15,16].

Domination of bounds in carbon Cls spectra
depends on condition of irradiation (Fig. 1). As shown,
formation of polymeric layers based on C-CF, or CF-CCl
bonds is hardly impossible especially when ion energy is
high.

The scanning electron microscope images (Fig. 2)
are obtained by means of electron microscope EM25
show the samples of ion-etched Si. As it is seen, an
extended surface layer up to 1 pm of order is observed
(Fig. 2a) in the cross section of the Si sample etched for
10 min. The porous-like layer with grains up to 0.1-
0.5 um is formed on the Si sample surface after longer
etching time up to 40 min (Fig. 2b).

The major part of experimental results on the

spectral dependence of ellipsometric parameters Y and

A were considered in the approximation of
pseudodielectric function (PDF) <¢€>, which is
efficiently used [17] for the analysis of the optical
response of complex multilayer structure:

<g>=sin’ Hl:(i_pj tan’ 6’+1}

+p
where 0 is the angle of light incidence. The

approximation of pseudodielectric function <€ > is
particularly descriptive in the case of thin surface layers,
when the optical response is close to that for the initial
sample before the surface treatment is applied. In the
case of the samples exposed to the ion-etching for a
relatively short time of order 1 min, the surface layer is
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quite thin and the optical response is expected to be close
to pure Si surface. In the case of etching time of 10-
20 min. order the optical response of ion-etched Si
samples is strongly changed (Fig. 3) as compared to that
for pure Si surface.

The data obtained at two angles of incidence (50°
and 80°) for sample 1K2 exposed to ion-etching for
20 min. were analyzed by the model of five
homogeneous surface layers. It was assumed that Si
substrate was coated by five layers in which the dielectric
function was changing linearly from upper layer (eH) to
lower layer at the substrate (denoted as eL). The
thickness of five layers was assumed to be 5x25 nm. The
analysis of experimental results obtained of this series of
samples clearly illustrate that the surface layer is not
homogeneous.

In the case of Si samples exposed to ion-etching for
the longest times of 30-40 min. the reflection coefficient
in the UV-VIS was significantly reduced. The
experimental values were ~1.0 and ~0.2-0.5 for real and
imaginary parts of PDF. On the basis of SEM
observations (Fig. 1b) it was reasonable to assume that
the optical response of these samples was strongly
influenced by roughness of the surface.

Fig.4 presents the measurement data for two
samples exposed to ion etching for 30 and 40 min. As it
is seen, the coefficient for speculars reflection increases
more or less steeply with increasing the wavelength. For
sample 1K3 the Rs-value tends to saturate at ~ 0.22
which is close to R, = 0.29 for non-doped Si. The
experimental data are well understood by the change of
the optical response of rough surface from diffuse to
seculars reflection [18].

b) Etching in CF4 and CF4 +H; plasma
Surface carbon concentration is measurable when
silicon is etched in CF, plasma, and addition of oxygen



Formation of Multilayer Structures on the Silicon Surface...

4,5

3,5

Refractive index

0,5 1

0 T T
0 10 20

Etching duration, min

30 40 50

Fig. 5. Refractive index dependence on silicon etching duration in CF, + 20% H, plasma, (E;= 400 ¢V).

(10%) does not interrupt accumulation of it. XPS
measurements showed that width and mean of Cls peak
depend on ion energy. Peak’s maximum is in the binding
energy interval of 284.6-285eV when ion energy is
Ei = 0.7-1 keV [19]. It means that carbon is unbounded
or is in the SiC bonds. Maximum of peak is shifted to
higher energy side (0.5-1eV) when ion energy has
decreased (Ei < 0.5 keV). So, carbon existed in the bonds
with oxygen (C-O-C, C-O) and unbounded carbon is
obtained on the surface, and it is correct, because lower
quantity of ion is penetrated in the crystal bulk when ion
energy decreases. But, accumulating of thin, amorphous
and porous carbon layer not interrupted etching.

Addition of 5% of hydrogen in the CF; plasma
stimulates condensation of polymeric compounds on the
silicon surface. From XPS spectra we obtained that
carbon, silicon, hydrogen, fluorine and oxygen are in the
composition of formatted film. Oxygen is only on the
film surface — it is adsorbed from surrounding (XPS
measurements going “ex situ”). As result, we obtained
that variable composition and complex thin film of -
Si,C,.«H:F is formatted on the silicon surface. As
measurements show, etching velocity depends on surface
carbon state. After 10 min of etching it was obtained
from XPS Cls spectra that carbon can create such kind

of bonds: C-CF (30%), C-C or C-H (47%) and can be in
the composition of (CHFCH,), compounds. Dependence
of carbon bonds on etching duration were analyzed [20],
and it was obtained that not only carbon in C-CF, bonds
become predominating, but also fluorine concentration
increased there when etching duration increased. Stage of
surface carbon also depends on hydrogen concentration
in plasma, power density of discharge and on etching
duration [20]. Concentration of (CH,), and (CHFCH,),
bonds decreased with increasing of discharge power
density and ion energy ( Table 1). Peak of Cls shifted to
higher energy side and it means that (C-CF,), stable
inhibitor has formed on the surface.

Measurement of ellipsometry shows that refractive
index depend on etching duration also. Refractive index
of surface varied from 4 to 2, and it can be interpreted as
carbon layers (fig. 5.). Few layers model was taken for
the analysis, and after calculating it was obtained that
four-layer structure formatted on the surface when silicon
is treated in CF4+ 20% H, plasma (Table 2.) Fluorinated
and hydrogenated carbon is predominant in the first
layer. Refractive index and thickness of this layer
intensively varied from n = 1.8, d = 0.33 nm (etching
duration is 5 min, C-H bonds are predominant) to
n =148, d = 22 nm (etching duration is 40 min., CF, and

Table 1.

Variation of carbon bond concentration when silicon etching in CF4+20%H, plasma, for pressure P = (.1 Pa,
W = 0.9 W/em®, gas flow 24 cm’/s.

Ion energy (CHy), -C-C and/or -C-CFy4 (CHFCH,), -CF
-C-CH

400 eV 6% 52% 25% 9% 8%

200 eV 16% 50% 22% 7% 5%
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Variation of optical properties of first and second layers in the altered layer of silicon on etching durat;l(“)z:lbil;3 >
CF,+20%H, plasma.

Etching duration 5 min 10 min 20 min 40 min

I layer Refractive index, n 1.8 1.8 1.48-1.8 1.58-1.48
Thickness d, nm. 0.33 5.5 4-4.4 20.2-21.8
Dominating bond C-H C-H C-Harba C-F | C-C,C-F
Refractive index, n 1.54 1.54 1.54 1.54-2.63

II layer Thickness d, nm. 1 3 3 3-1.6
Dominating bond Si-Fy Si-F, Si-F, Si-F, or Si-C
Etching velocity, | 0.6 0.4 -0.02 0
nm/min

C-CF; bonds predominate). The surface, subjected to ion
bombardment, is in thermodynamically unstable state,
therefore the formation of mechanical stresses and
defects in near- surface region (up to 15 nm) takes place.
In this region due to penetration of bombarding ions and
diffusion the interface with increased Si-C, Si-F, species
are formed. So, Si-F, and Si-C bonds dominated in the
second deeper layer. Thickness of this layer (3 nm) does
not depend on the treatment duration, but refractive index
shifted from 1.54 (specified for the Si-F,) to the values
specified for the SiC (n = 2.63) if etching duration is
more than 20 min. The inclusions, defects and
mechanical stresses change electrical properties of near
surface region. The thickness of layer with altered
electrical properties depends on energy of bombarding
ions, etching rate, pressure and extens to 7 um. So, the
third layer we take as silicon damaged by ion
bombardment. Its refractive index equals to 4.63, depth —
2 um, because ion energy is only 400 eV. The fourth
layer is bulk silicon with n = 3,85. As it is show in
table 3, modeling ellipsometric results have good
correlation with XPS

IV. Conclusions

Polymeric formation based on carbon-halogen is not

formatted on the surface when silicon etched in CF,Cl,
plasma, but polymeric films of a-Si,C,:H:F formatted
on the surface when it is treated in CF4+ 20% H, plasma.
Concentration of impurities and predominating of bonds
depend on condition of irradiation and etching duration.
Ellipsometry measurements of irradiated structures
showed that few-layer model can be taken for the
analysis. Type of bonds and thickness of the first
carbonized layer is the main factor influenced to etching
rate. The optical response of the ion-etched in CF,Cl,
plasma Si samples depends strongly on the etching time.
For a short etching time of order 1 min the optical
response is quite close to that of pure Si. It can be
modeled by the influence of a thin transparent surface
layer (30-50 nm) possessing a small gradient of optical
constants in depth. The optical response of the samples
exposed to ion-etching for 10-20 min was interpreted by
the system of homogeneous layer with linearly changing
dielectric functions. The optical response of the Si-
samples etched for 30-40 min is mainly caused by
surface roughness and is characterized by dominating
diffuse reflection in UV-VIS whereas in the middle of IR
range it is caused by the increase of the specular
reflection coefficient. The surface roughness of thick
surface layers is of order 2-4 um.
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3. Pyrkynywe, A. I'pironic, A. Pesa', .. Ba6onac', A. Horoitric

@®opMyBaHHA 0AraTomMIApoOBUX CTPYKTYP HA CHJIIKOHOBI MOBepXHI micjs
NMPOTPABJIEHHS B IJI1A3Mi

Kaynacvkuii mexnonozciunuil ynieepcumem, gyn. Cmyoenma, 50, m. Kaynac, 3031, Jlumea
Ji . . . . .
Incmumym ¢hizuxu nanienposionuxis, eya. I'ocmayma, 11, m. Binonioc, 2600, Jlumea

B po6oTi mpoBOIUTECS aHaNi3 MOBEPXHI KpeMHir0 micis riazMoBoro BunpomintoBanus CF4, CF4+H,, CF,Cl,.
EnincomerpnyHi BHMIpPIOBaHHS [OKa3ajld YTBOPEHHs 0araTollapoBUX CTPYKTYp Ha MOBEpXHI KPEMHil0 uepe3
IJIa3MOBE BHUIIPOMIHIOBHHSA. IXHi ONTHYHI mapameTpu Oynu 3miHeHi 10 2 mm no rm6uni. ONTHYHA BiAMOBiAHICTH
CHIIBHO 3aJISKUTh BiA TpuBajocTi odopty B miasmi CF,Cl, 1 BapitoBaHHS Bix YMCTOI MOBEPXHI KPEMHIIO 70 3pa3KiB
110 Ma€ HeperyJspHe iHTepepeHmiiiHe 300pakeHHs B JIETCKTPHYHUX CIEeKTpax (YyHKUil. Maji BiAXHICHHS MOXKHA
MOZENIOBATH SIK BIiHOCHO TOHKI 1 mposopi mapu (30-50 nm), yrBopeni sk SiO, abo iHIIMMHK MaTepianamu,
noniouumu 1o CH, SiF,, onTiyHi mapaMeTpH SKHUX i 3HA4EHHA € € OJM3bKUM 10 HBOTO. [loiMepu3anis Ha TOBEPXHI
kpemHit0 € edexruBHoro B mna3mi CF;+H, i crae iHTeHCHBHIIIOM, KoM KoHIeHTpamis H, 3poctae. 4-maposa
CTPYKTypa YTBOPIOETHCSI HAa MOBEpPXHi, KoiW KpeMHii 3Haxomutbest B miasmi CFy+ 20%H,. Byrmenp xe €
JIOMiHyI0YMM Yy TiepimoMy miapi. KoedilieHT 3amoMiieHHs i TOBIIMHA I[LOTO MIAPY IHTEHCHBHO BapilO€ThCS, MOKU
nepeBaxatoTs rpanuii CF, i C-CF,. I'panuui Si-Fx i Si-C npeBantoBanu y apyromy riubmomy mmapi. Tperiii map €
KPEMHi€M, YIIKO/DKEHUM depe3 ioHHe 6bombapayBanus. Koedirient 3anomenns piBuuii 4,63.
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