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Using X-ray reflectometry method, the kinetics of solid state reactions at the surface
of layered thin film nickel/Sig,, system (effective nickel thickness 15 and 45 nm) under
VUV irradiation of 8<hv<1.8 eV energy was studied. Nickel and nickel oxide layers have
shown no changes both in thickness and density. As a result of VUV stimulated silicon
diffusion from the substrate and of its reaction with nitrogen, a new layer of silicon
nitride with of (3.2...8.4) g-em™3 density is formed at the nickel film surface. The silicon
nitride formation reaction, where nickel acts as a catalyst, is of zero order typical of
radiation-(photo)-chemical processes and stops at the layer thickness about 1.5 nm. After
aging in air, the surface layer density decreases down to 2.3 g-em™3 and thickness in-
creases to about 25 nm due to oxidation. Repeated cycles of irradiation and oxidation
result in degradation of the film-substrate system due to breaking the film adhesion.

MeTomoM peHTTeHOBCKOI pedIeKTOMETPUM HCCIeJOBaHA KUHETHKA TBepHo(asHBIX peak-
Iuii, TPOTEKAIOIIMX HA IOBEPXHOCTH CJIOMCTOI TOHKOILIEHOUHOH cuCTeMbl HuKeab/Sig, (c
a(PeKTUBHON TONIUHON cioa HuKeas 15 m 45 um) mox neiictBuem BY® — wumsmyuenus c
sHeprueiit 8<hv<11,8 sB. Ciou HUKeJs 1 €ro OKCHAa He M3MEHSIOTCS HH II0 TOJIIMHE, HU II0
nygoTHOocTH. B pesynbrare BY® crumynupoBaHHON Aud@ysuu KpeMHUS W3 IONJIOKKU U
CoeIUHEHUs KPEeMHUS C a30TOM Ha [IOBEPXHOCTH HUKEJNeBOH ILUIEHKH (QopMupyercsa cioit
CUINIINAA KPeMHUS ILIOTHOCTHIO (3,2...3,4) r-em 3. Peaknusa oGpasoBaHIs HUTPHUIA KpeM-
HUfA, B KOTOPOIl HUKEJb yYaCTBYeT B KauecTBe KaTaJIN3aTopa, KMHETHUECKU NMeeT HYJeBOil
OPAJOK, XapaKTePHBIN AJIA paguanuoHHO-((hoTo-)XUMUUECKUX IPOIIECCOB, U IIPeKpaIiaercsa
IpU TOCTUIKEHUU TONMIUHEI ~1,5 HM. IIpu BHIJep:KUBaHUU HA BO3AYyXe IPOUCXOTUT YMeHb-
IIeHHe IIJIOTHOCTH IIOBEPXHOCTHOIO CJIOH A0 2,3 ICM S U yBeIMdYeHHe TOJILHHEL CJIOH 0
~25 HM B pesyJbTaTe PeaKnuu OKUCIeHUs. I[OBTOPHBIE LUKJIBI OOJIYy4YEHUS U OKUCICHUS
IPUBOJAT K AEerpafalii CUCTEMBI ILIEHKA-TOAJIOMKKA M3-38 HAPYIIeHUs aATre3uy IJIEHKU.
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Two possible results of VUV effect on
metal surface layers are under discussion:
(i) radiation-stimulated chemical reactions
with adsorbed atoms [1-5], and (ii) radia-
tion-stimulated structure defect formation
according to sub-threshold mechanism fol-
lowed by acceleration of diffusion and dislo-
cation reactions [6—8]. The phase and struc-
ture transformations in nano-sized layers
result in variations of their thickness and
density. In our previous work, the possibil-
ity was proved to determine thickness and
density of nickel nano-layers on silicon sub-
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strates by reflectivity angle dependence R(6)
of X-rays with A = 0.154 nm wavelength
[12]. Using two VUV spectra in different
wavelength ranges, we tuned to resonance
excitation of either nitrogen (8<Av<11.8 eV,
Ar lamp) or oxygen atoms (6.2<hv<8.4 eV,
Xe lamp) [13]. After short-term VUV expo-
sure, a new dense layer of nanometer thick-
ness has been revealed at the nickel film
surface; in the first case, we got a silicon
nitride layer, while in the second case, a
silicon oxide one. No variations both in
nickel layer and its surface oxide have been
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Table. Variations of the surface third layer parameters during VUV exposure and in air aging

No Total VUV exposure, |Third layer thickness,| Reflectivity index Density p, g-cm™3
min. Air aging, days t, nm 25-10°
Sample 10 1.45 2.15 3.35
Ni15 1 day aging 1.95 1.80 2.70
20 2.15 1.85 2.80
2 days aging 2.35 1.77 2.65
40 2.40 1.80 2.70
80 2.20 1.79 2.67
160 2.40 1.76 2.66
1 day aging 2.55 1.70 2.60
340 2.25 1.89 2.90
1 day aging 2.75 1.75 2.63
Sample 15 1.48 1.97 3.30
Ni45 7 days aging 1.90 1.3 2.15
30 1.76 1.62 2.70
60 1.70 1.73 2.85
160 1.78 1.80 2.95
225 1.95 1.87 3.05
1 day aging 2.25 1.72 2.75
435 2.10 1.72 2.75
780 2.03 1.80 2.90
1 day aging 2.50 1.65 2.70
3 days aging 2.50 1.57 2.60
7 days aging 2.20 1.13 1.80

found. A possibility of photochemical reac-
tion of atmosphere atoms (N, O) with sili-
con from the substrate was concluded. How-
ever, the mechanism of silicon delivery to
nickel film surface under VUV irradiation
as well as the kinetic of solid state reactions
and stability of the system under natural
aging remain unclear. The aim of this work
was to study the mechanisms and kinetics
of photochemical solid state reactions on
the surface of the nickel film-silicon sub-
strate system under VUV irradiation and
aging.

The investigation objects were nickel
films on silicon substrates prepared by mag-
netron rf-sputtering in SPUTRON-II instal-
lation (Baltzers Company) (see [14, 15] for
details). The film growth morphology and
crystalline structure were described before
[16]. These films were shown to be polycrys-
talline, continuous, and stable under aging
in laboratory atmosphere. For this investi-
gation, two kinds of the samples Ni15 u
Ni45 (about 15 and 45 nm nickel layer
thickness, respectively) were chosen. Such
choice allows to estimate the role of diffu-
sion delivery of the components to chemical
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reaction zone. As the vacuum ultraviolet
source, an Ar barrier lamp (BAr) with con-
tinuous spectrum A > 120 nm and quantum
flow density about 1015 em2s71 was used
[13]. The samples were exposed to VUV di-
rectly on the reflectometer table, the lamp
window being pressed against the sample.
The first exposure time was 15 min, while
each following exposure duration was dou-
bled as compared to the previous one. In
order to analyze decomposition processes,
several intervals (from 1 to 7 days) for
aging in air were done between successive
exposures. The total exposure and aging
times for each sample are given in Table.
Before and after each VUV exposure, X-ray
reflectivity angle dependences R(0) were
measured in the range 6 = 0...1.75° of Cu-
K, grazing incident beam [12]. For simula-
tion R(0) curves, the fitting parameters
were layer thickness (#), and real part of
refraction index (8) calculated taking into
account the anomalous scattering correction
[17, 18].

After VUV exposure, typical ’beatings’
(showed by arrows to curves 2 in Fig. 1, 2)
were observed in the curves of X-ray reflec-
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Fig. 1. Experimental curves of X-ray reflec-
tivity angle dependence R(0) for the system
Ni/Sig,, with nickel film thickness 15 nm:
1 — initial state; 2 — after 15 min VUV
exposure; 3 — after aging in air for 24 h.
(Arrow indicates the beatings).

tivity angle dependence R(0). According to
previous results [12], in both kinds of the
samples, the surface layer formed just after
the first VUV exposure have similar charac-
teristics: =~1.5 nm thickness and 3.2 to
3.4 g.em ™3 density (Table). In low-angle
part of interference pattern, oscillation in-
tensities do not drop, hence, thickness and
density of the Ni and NiO, layers as well as
interface roughness remain unchanged.

Linear increase of surface layer mass per
unit area mg vs irradiation time (Fig. 3) is
typical of photochemical reactions: the syn-
thesized substance amount is proportional
to absorbed dose [19, 20]. Under substance
arrival, the third layer mass (but not thick-
ness) increases due to rising density.

The features of interference patterns for
both sample types after aging in air was
found to be qualitatively similar: the beat-
ings in interferential pattern become less
pronounced (compare the curves 2 and 3 in
Figs. 1 and 2). The surface layer density
drops, while its thickness and mass change
non-monotonically; at first, they rise a lit-
tle, and then decrease (Fig. 4).

Repeated irradiation of the samples after
aging results in partial restoration of the
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Fig. 2. Experimental curves of X-ray reflec-
tivity angle dependence R(0) for the system
Ni/Sig,, with nickel film thickness 45 nm:
1 — initial state; 2 — after 15 min VUV
exposure; 3 — after aging in air for 7 days;
4 — after next VUV irradiation (total expo-
sure 30 min); 5 — after 13 h VUV exposure
and following aging in air for 7 days. (Arrow
indicates the beatings).
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Fig. 3. Increase of the third layer mass-per-
area mg versus total VUV exposure time (in

minutes) for the samples of Niygs/Sig,, system.

third layer initial density (Table). After re-
peated long-term irradiation and air aging
exposures, the film degrades gradually. In
the interference patterns, higher order
peaks intensities drop (Fig. 1, curve 3, and
Fig. 2, curve 5) that indicates the growing
Ni/Si interface roughness. A net of cracks is
observed on the sample surface, and after
the longest exposures, the films are partially
delaminated.

So, the following main experimental
facts are revealed: (1) Under VUV irradia-
tion, nickel-contained layers (Ni, NiO) re-
main unchanged both in thickness and den-
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Fig. 4. Variations of mass-per-area mg, den-
sity p, and thickness ¢ of the third layer of
VUV irradiated samples of Niys/Sig,, system
after aging in air vs aging time (in days).

sity. Thes indicates, Ni might be involved in
the photo-chemical reactions only as a cata-
lyst. (2) After VUV-exposure with spectrum
tuned for resonance absorption by atmos-
phere nitrogen, a new nano-layer of about
8.2:8.4 g/cm? density grows on the sample
surface which may correspond only to sili-
con nitride SiXNy for the system studied. (3)
The mass increment of this nano-layer is
proportional to absorbed dose that corresponds
to zero-order reactions typical of a photo-
chemical mechanism independent of reagent
(silicon) arrival into reaction zone. (4) In the
systems with different nickel film thickness,
the reaction of new layer formation completes
at the same its thickness of about 1.5 nm. (5)
The aging in air is followed by the new nano-
layer density drop down to 2.3 g-cm™® which
corresponds to the value for silicon oxide SiO,,
the layer thickness being increased.

We calculated the densities of all possi-
ble compounds of Ni, Si, O, C, and N to
identify the surface layer. As no changes in
Ni containing layers have been revealed,
such high density wvalues as p=3.2 to
3.4 g-em™3 might be caused by silicon com-
pounds SiXNy or SiC, since the density of
SiO, doesn’t exceed 2.65 g-cm 3.

Under usual conditions, it is just the
oxidation reaction that prevails of two possi-
ble reactions of silicon with oxigen and nitro-
gen:

Si + 02 - S|02 — 855.9kJ - molfl, and
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it is just the oxidation reaction that pre-
vails. However, the energetics of these reac-
tions may be substantially changed, if the
gas molecular atomization is stimulated by
VUYV resonance absorption.

Thus, for the reaction

N, > N+ N+ AGy,

the Gibbs energy expenditure AG; =
910.23 kJ-mol~! (9.4 eV) is necessary which
corresponds to quantum energy in spectral
distribution of BAr lamp, while for the
reaction

0O, > 0+ 0+ AG,,

AGy = 463.1 kJ-mol™l (4.8 eV) is re-
quired. The latter value corresponds to the
"tail” part of continuous spectrum, so, has
a low intensity. For radiation emitted by
BAr type lamps, there exists a "transparence
window"” in oxygen atmosphere, while nitro-
gen is resonance excited [5]. Due to deliv-
ered VUV energy, the reactions overcome
the energy barrier and leave the metastabil-
ity region, thus, become heterogeneous and
spontaneous; their kinetics changes as well.
Now, these reactions may be described as
follows:

Si+ O, + (VUV) —»
— Si+ 0+ 0 + (VUV) - SiO, + AG3,
3Si+ 2N, + (VUV) -
— 3Si + 4N + (VUV) - SigNy + AGy.

Now the reactions of oxide and nitride
formation have other initial states, and
their thermal effects according to Hess law
include atomization energies. On leaving
the metastable region, nitride formation re-
action gives a total Gibbs energy gain AG, =
—2462.5 kJ-mol™l, while oxidation reaction
gives only AG3=-1087.4 kJmol 1. This
means that the nitride formation reaction
has a higher reaction rate constant than for
oxidation, hence, it runs first.

High rates of third layer formation in
both types of films, its high thickness and
density indicate the same nature of the sur-
face layer in all the samples. This layer is
formed due to interaction of VUV radiation
with silicon substrate and to silicon diffu-
sion to metal surface [12]. The effect of
acceleration for reactions between gases and

Functional materials, 13, 3, 2006
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Fig. 5. Mechanism of Si—N layer formation on
the surface of Ni/Sig , system under VUV ir-
radiation (schematic model).

thin oxide films formed on metal surface is
well known. This was observed for copper,
nickel and vanadium oxides interacted with
CO and H, [19]. Such reactions are hetero-
geneous and named contact-catalytic, be-
cause the metal acts as a catalyst. In our
case, the reaction of silicon with nitrogen is
catalyzed by surface nickel atoms, the latter
being not spent. In Fig. 3, linear character
of kinetic dependence shows that the reac-
tion rate is limited not by silicon atoms
arrival to the surface, but by the reaction
itself between silicon and active adsorbent
atoms. The solid state reaction rate is found
to be so high that the diffusion coefficient
as high as D~10716 cm2.s7! would be neces-
sary to provide it, which is characteristic to
mechanism of rapid diffusion along grain
boundaries. It is known that in nano-struc-
tured objects, diffusion is several orders
higher than in bulk [21]. In fact, thin mag-
netron-sputtered metal films possess column
substructure of the grains with nano-size in
lateral direction and elongated along the
normal to surface [22, 28]. Schematic model
of silicon nitride layer formation on the
surface of Ni/Sig,, system as a result of
VUYV irradiation is shown in Fig. 5.

The stopping of the third layer growth at
its thickness about 1.5 nm may be caused
by two reasons: (i) silicon source exhaus-
tion, or (ii) creation of diffusion-imperme-
able layer. In the first case, total film de-
lamination from the substrate should be ex-
pected, as the only cause for ceasing the
silicon arrival from the substrate. Though
some delamination was observed after the
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largest doses of VUV exposure, it occupied
less than 30 % of the film area. Thus, more
probable is the barrier mechanism of nitride
layer growth stopping (Fig. 5). The estima-
tions show that in the stage of island nu-
cleation, the nuclei centers are positioned in
nickel grain boundaries, while an average
distance between the islands is determined by
nickel grain lateral size of about 3.5 nm.
Thus, as the layer thickness attains about
1.5 nm, the islands coalesce, and a continu-
ous nitride film forms which hinders further
silicon diffusion into reaction zone.

Under aging in air, the density of the
third layer drops and the thickness increases.
Thermodynamically prevailing becomes the
oxidation reaction of silicon nitride

SigNy + 30, - SiN,0, — 350, + 2N,.

Isomorphic substitution of nitrogen by
oxygen was observed before in silicon ni-
tride [24, 25]. In the initial aging stage,
nonlinear increase of specific mass m, and
thickness ¢ of the surface layer is observed
(Fig. 4) that indicates diffusion character of
oxygen delivery to reaction zone [26]. As
the aging time increases, the specific mass
drops dramatically, while the density be-
comes even lower than the value for SiO,
that is characteristic to open porosity devel-
opment. A similar process with formation of
blisters was revealed during oxidation of ti-
tanium pre-saturated by nitrogen [27].

The density increases a little after the
next VUV exposure. This is explained by
reduction reaction:

3Si0, + 6C + 2N, = Si3N, + 6CO,

which was observed in the presence of a
catalyst [24]. The formation of silicon ni-
tride on the nickel film is similar to gas-
transport reactions of diamond-like film
formation in the presence of metal [28].

Thus, during VUV exposure of nickel-
containing nano-layers on silicon substrates,
a nano-layer of 3.2 to 3.5 g-em ™3 density is
formed by products of reaction between sili-
con and nitrogen according to a photo-
chemical reaction mechanism with zero-
order kinetics. Under aging in air, the de-
composition processes take place caused by
oxidation reaction running according to dif-
fusion mechanism and are followed by the
new layer density decreasing down to
2.8 g-cm 3.
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TBepaogas3Hi peakilii Ha MOBepXHI HaHOMIAPIB HiKeJIo,
ctuMyiaboBaHi BY® onmpomimeHHAM

I.&.Muxaiinos, C.B.Manuxin, C.C.Bopucosa, JI.Il. Domina

MeTtomom penTreniBcbkol pedrekToMeTpii mocaigikeHo KiHeTHKY TBepAodasHUX peaklliit,

sAKi BigOyBalOThCA HA MOBEPXHi cucTeMu HiKesb/Si

sub

(38 e()eKTUBHOIO TOBIMHOIO HiKej0 15

Ta 45 uM) nig BuauBoMm BY®-onpominennsa 3 eneprieio 8<hv<11,8 eB. Illapu HiKesio Ta iioro
OKCHJY He 3MiHIOIOTBCA Hi 3a TOBIIWHOIO, Hi 3a I'ycTHHOIO. ¥ pedyabTrati BY® crumysnbosa-
"ol nudysii KpeMHiI0 3 TiAKJIAIKYN Ta CIIOTYUYEeHHS KPEMHiI0 3 a30TOM Ha IIOBEepXHi HikejeBoi

IWIiBKu (opMyeThbcAd MmIAp CIIINMUAY KpeMHi0 ryctuHowo (3,2...3,4) rem™

3 Ta TOBIIMHOIO

~1,5 um. Peakmia ¢opmyBaHHS HiTpuIy KpeMHi0, B sKili Hikeab Oepe ydacTh y SAKOCTi

Karajgisaropa, KiHETMYHO Ma€ HYJbOBUI IIOPAIOK,

xapaxkTepuuil s pamiamniiiao-(doro-)

XiMiuHEX HpoIleciB, Ta IPUNUHSETHCA IIPU HOocArHeHHI ToBuimHU 1,5 mM. [Ipu BuTpuMIi Ha

noBiTpi Mae Micre 3MeHBbIIEHHS I'yCTHHH IIOBEPXHEBOro miapy go 2,3 r-CM

3 Ta s6inbuIeHHS

TOBIIWHU IO ~2,5 HM B pesysbraTi peakilii oxucieHHsa. [IoBTOpHI HUKJIM ompoMiHeHHA Ta
OKWCJIeHHs BeAyTh OO JAerpagarii cucreMu IJIiBKa-IMiAKJagKa i3-3a MOpyIIeHHd axaresii

IJIiBKHU.
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