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Transparent heat-resistant coatings of 10-30 nm thickness described by (ZrO2)x·(Y2O3)y composition are formed on the sur-

face of metals and glasses by thermolysis technique. 
Produced coatings possess high adhesive strength, high corrosive and abrasive resistance. Nanocrystalline formations are 

revealed on samples surface, with quantity of these formations depending on basic solution concentration, formed layers num-
ber and thermal treatment mode. 

Ion-beam modification of obtained coatings under mixing mode enables said properties enhancing owing to zirconium oxi-
boride formation at substrate-coating interface as a result of ion-beam synthesis. 

 

Introduction 
During their utilization all materials undergo dif-

ferent conditions (climatic, mechanical, thermal etc.) 
thus forming of quality protective coatings is always 
of great importance.The goal of our work is to devel-
op thin protective coatings possessing high thermal, 
corrosion resistance and durability to be formed on 
the surface of metals and glasses. 

We chose zirconium-containing compounds as 
initial material for coating as they possess a unique 
combination of valuable properties with regard to the 
goal of our work such as: high chemical resistance in 
a wide range of temperature, high strength, hard-
ness, thermal resistance and durability. 

We used the techniques of thermolysis and ion-
beam surface modification to form the protective 
coatings on the surface of glasses and metals. 

 
2. Experiment, results and discussion 
2.1 Forming of protective coatings on the 
surface of metals and glasses 

The subject of investigation was the substrates 
made from glasses of various compositions  and 
steel in the shape of parallel-sided plates of 10х10 
mm

2
 in dimensions and of 1-2 mm in thickness. Be-

fore being coated the substrates were subjected to 
ultrasonic cleaning and water rinse. 

The coating solution contained a mixture of com-
pounds obtained from the synthesis of organic zirco-
nium derivative with the addition of the concentrated 
solution of Y3 (NO3)3. [1,2]. 

The coating process was performed in three 
stages [2,3]: 

1. The film-forming solution of the reaction mix-
ture was applied on the substrate surface. 

2. Thermal treatment: 1) drying at the tempera-
ture of 100-200

0
С; 2) annealing at the temperature of 

500-700
0
С. 

3. Ion-beam modification.  
The reaction mixture solution was applied on the 

metal substrate surface using the brush and the 
glass substrates were dipped into the solution and 
spun. 

Processing in this way allows retaining high opti-
cal characteristics of the glasses. During thermal 

treatment the solvent and organic products were 
completely removed thus forming a transparent 
plane uniform film of zirconium dioxide (≈10 nm in 
thickness) with a high adhesion to the substrate. 

In order to strengthen the durability and the ad-
hesion of the formed coating we performed the third 
stage – the ion-beam modification in the mixing 
mode (ion mixing). The samples were bombarded 
with boron ions (with the fluence F=10

15
- 10

18
 

ions/cm
2
, with the current density lower than 

2 A/cm
2
). We chose the bombarding ions energy 

depending on the formed coating thickness to obtain 
the implantation of the recoil atoms (Zr and О) into 
the substrate and to ensure an intensive atom mixing 
within the contact layer (coating-substrate) [3]. 

Multiple repetition of the described stages re-
sulted in a step-by-step growth of the multilayered 
oxide-containing coating on the substrate. 

 
2.2 Abrasive durability 

We performed two procedures to study the dura-
bility of the samples. The glass substrates underwent 
gasoabrasive wearing. The samples were subjected 
to the exposure of abrasive material particles having 
a specific mass with the velocity of 100 m/s in a gas 
environment [2]. The gasoabrasive wearing degree 
was assessed through comparing the optical para-
meters, such as directional transmission of radiation 

with the wavelength of =0.633 m, of the coated 
samples to the non-coated ones. 

The results of gasoabrasive wearing of calcium-
aluminate glass coated with the standard SiO2 (indu-
strially used to protect the glass of this kind) in com-
parison to the glass coated with the zirconium dio-
xide are shown as an example in Fig. 1. It is evident 
from the figure that the transmission of the standard-
ly coated glass decreases sharply if the mass of the 
abrasive particles increases from 0.05 to 0.22 g 
(curve 3), as a result of abrasive wear of the surface. 
In comparison to that it is shown, that the zirconium 
dioxide coating (curve 2) protects the glass against 
damaging and the additional ion-beam treatment (bo-
ron mixing) ensures the durability enhance by almost 
4 times (curve 1).  
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Fig.1. Plot of directional transmissivity (=0.633 m) vs the 
produced material mass G for calcium-aluminate glass, 
subjected to ion-beam modification 1 – ZrO2 coating after 

mixing of B
+
 (E=100 keV, F=310

17
 сm

-2
); 2 - ZrO2 coating 

before mixing; 3 – standard (glass with conventional SiO2 

coating) 
 

The strengthening effect grows when the fluence 
increases up to 3∙10

17
 cm

-2
 but above this value the 

durability recedes probably because of partial scat-
tering of the formed coating. It is found out that there 
is an optimal number of layers and the coating prop-
erties deteriorate if this number is increased. 

“Needle on a disk” technique was used for steel 
substrates. The abrasive wearing degree was as-
sessed through the quantity of the shaving and the 
parameters of the groove, such as depth and length, 
width, produced on the sample surface by the abra-
sive material exposure [4]. We used a replaceable 

ball of tungsten carbide ( =3 mm) as an abrasive 

needle to perform back-and-forth motion on the 
sample surface with the velocity of 0.02 m/s. We 
have also calculated the friction factor with reference 
to the number of cycles. 

The steel (1.4301) samples protected with the 
zirconium dioxide coating possess a significantly 
higher durability than the non-coated samples. The 
experimental results are given in [4]. 

Table 1 contains experimental results on the du-
rability of a sample with the coating and without it. 
For the given number of cycles (40 000 and 80 000) 
the abrasive wear is not observed on the coated 
sample unlike the initial one. The friction factor of the 
coated sample is twice smaller than the non-coated 
sample.  

 
Table 1 - Abrasive wear parameters of steel samples 
1.4301 before and after the protective coating 

Number 
of cycles 

Groove parame-
ters 

Initial 
sample 

Coated sam-
ple (N6/1) 

40000 

Volume losses, m
3 

Depth, m 

Width, m 

Length, m 

Area, m
 2
 

0,68 
0,57 
122 

1693 
40 

- 
- 
- 

1854 
- 

80000 

Volume losses, m
3 

Depth, m 

Width, m 

Length, m 

Area, m
 2
 

1,02 
0,72 
153 

1846 
55 

- 
- 
- 

1822 
- 

2.3 Corrosion resistance 
The corrosive characteristics of the coating were 

studied through the potentiodynamic polarization me-
thod. The 0,05 М solution of H2SO4 was used as the 
electrolyte. The potential change rate was 10 mV/s. 
The area of the sample surface region under study 
was 0.07068 сm

2
. 

Fig.2 and Table 2 contain corrosion resistance 
measurement results for steel samples with coatings 
obtained at various conditions. 

 

 
Fig. 2. Corrosion velocity for steel 1.4301 samples with 
coatings obtained at various conditions (see Table 2) and 
without coating (to compare) 

 
The best result is achieved for the sample 6/1, 

though its coating thickness is still 30 nm. The corro-
sion current density for this sample is 5.678·10

-9
 

A/cm
2
, in comparison to 1.333·10

-2
 А/cm

2
 for the 

non-coated sample. The sample 6/1 possessed the 
highest durability (as seen from Table 1). 

As a result of this work it was found out that in-
creasing the number of layers of the coating results 
in the steel corrosion resistance receding and the 
corrosion resistance depends on the temperature 
and the duration of annealing for the equal number of 
layers. 

 
Table 2 - Corrosion resistance of steel (1.4301) samples 
with coatings obtained at various conditions 
 

Sam
ples 

Number 
of ZrO2 

layers 

Anneal-
ing tem-
pera-
ture, C 

Anneal-
ing du-
ration, 
s 

Corrosion 
current 
density, 
А/cm

2
 

Ini-
tial 

- - - 1.333·10
-

2
 

1A 3 600 10 1.373·10
-

5
 

1B 7 630 10 1.513·10
-

5
 

2 3 510 24 3.491·10
-

6
 

3 4 600 10 9.959·10
-

5
 

3/1 4 540 20 2.264·10
-

7
 

4 6 650 15 5.705·10
-

5
 

6/1 3 630 15 5.678·10
-

9
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2.4 Discussion 
The research literature on zirconium dioxide coat-

ings as well as the experimental data obtained in this 
work testify that as a result of the thermolysis 
process the transparent heat resistant coatings of 
10-30 nm in thickness and corresponding to the gen-
eral formula (ZrO2)x·(Y2O3)y are formed on the sur-
face of glass and metal substrates. 

Increase of durability and corrosion resistance of 
the samples of both kinds can be explained through 
formation of surface of ZrO2 monoclinic phase and its 
cubic modification as a result of thermal treatment 
process, as it was reported in [1, 3]. The strengthen-
ing effect growth after the additional ion-beam 
processing might be caused by zirconium dioxiboride 
formation within the coating as a result of solid-state 
ion-beam synthesis. 

In order to verify these hypothesizes we used the 
IR reflection spectrometry and the atomic force mi-
croscopy (АFM).  

Surface microrelief of the samples studied 
through AFM technique revealed nanocrystal forma-
tions (Fig. 3). The crystal average size is 
950×625×163 nm

3
. Preliminarily it was seen that the 

number of crystals on the sample surface depends 
on the thermal treatment mode, number of formed 
layers and solution concentration. It was noted that 
the highest corrosion resistance and durability are 
observed when the size of crystals is of the same or-
der and their distribution on the surface is uniform. 

It was found out that there is an optimal number 
of layers and if it is exceeded the coating properties 
deteriorate. AFM pictures show disruptions of the film 
in this case. 

Additional ion-beam processing of samples (bore 
implantation) resulted in surface crystals size de-
crease and sample strength properties growth. 

In order to clarify the impact of ion-beam 
processing of coatings onto samples strength proper-
ties growth, as mentioned above, we  hypothesized 
that the strengthening effect is ensured by zirconium 
dioxiboride within the formed coating as a result of 
solid-phase ion synthesis induced by ion bombard-
ment.  

In order to verify this hypothesis the pure zirco-
nium dioxiboride was thermally synthesized, its IR 
reflection spectrum was studied and compared to IR 
reflection spectrums of the samples under study with 
the coating before and after bore implantation. 

It is evident from Fig. 4 that bore implanting into 
ZrO2 coated glass induces two new bands (curve 3) 
typical for the pure zirconium dioxiboride compound 
(curve 1). These bands are missing in the spectrum 
of the coated sample before bore implantation (curve 
2). 

Subsequently the impact of the ion-beam modifi-
cation parameters, such as kind of ions, energy, flu-
ence, onto the nanocrystal size (hence the properties 
of the formed coatings) should be ascertained. 

Targeted impact onto phase transformation 
process in (ZrO2)x·(Y2O3)y films will make possible to 
control a lot of  utilization characteristics  of metals 
and glasses. 
The coatings formed under the described technique 
have self-organizing structure as a result of their 
chemical composition changing first in the solution, 

then during the film forming on the substrate, in the 
course of the thermal treatment process and at last - 
during ion-beam modification. 

The advantage of the described coating forming 
technique is a wide range of oxide thickness – from 
tens of nanometers to several microns. 

 
a) 

 
b) 

 
c) 

 

 
d) 

Fig. 3. AFM images of the surface microrelief of steel 
1.4301 samples before (a) and after coating formation (b – 
for sample N3, c – for sample N6/1) (formation conditions 
as given in Table 2) and of silicon glass with ZrO2 coating 

after ion-beam mixing B
+
 (E=100 keV, F=310

18
 сm

-2
) (d) 

 

3. Conclusions 
1. The transparent heat-resistant coatings of 10-

30 nm in thickness are formed on the surface of 
glasses and metals by thermolysis technique. The 
composition of the coatings corresponds to general 
formula (ZrO2)x  (Y2O3)y. 
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2. The obtained coatings possess a good adhesion 
strength, high corrosion and abrasion resistance. 
These properties are ensured as a result of nano-
crystalline particles formation on the sample surface. 
The number of particles depends on the solution 
concentration, number of layers and treatment mode. 

 

 
Fig. 4. IR reflection spectra of zirconium oxiboride (1) and 
calcium-gallium glasses with ZrO2 coating before (2) and af-

ter (3) ion mixing (B
+
ions, E=100 keV, F=310

17
 сm

-2
) 

 
3. Ion-beam modification of the obtained coatings 

in the mixing mode ensures the abovementioned 
properties enhance due to zirconium dioxiboride 
forming as a result of ion-beam synthesis of the coat-
ing.  

In conclusion the authors express their gratitude 
to the researchers of the Institute of ion-beam phys-
ics and materials research in Rossendorf (Germany) 
A. Schneider and R. Hüller for the technical assis-
tance. 
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Si-rich and N-rich silicon nitride films were deposited at low temperature 300 °C by using plasma-enhanced chemical vapor 
deposition (PECVD). The optical and structural properties of these films have been investigated by ellipsometry, Rutherford 
backscattering (RBS), transmission electron microscopy (TEM), Raman spectroscopy (RS) and photoluminescence (PL). The 
formation of silicon clusters in both Si-rich and N-rich silicon nitride films after annealing at 900 °C and 1000 °C for hour in N2 
ambient has been revealed by TEM. Dependency of PL spectra on stoichiometry and post-annealing temperature was 
analyzed. The contribution of Si and N-related defects in emitting properties of Si-rich and N-rich SiNx has been discussed. 

 

Introduction 
The creation of light emitter based on silicon 

technology is still actual problem. Well-known as 
insulating layer silicon nitride is promising candidate 
for Si-based full-color light-emitting devices. In spite 
of numerous works devoted to investigation of light-
emission properties of silicon nitride, nature of PL is 
still not unambiguously understood. Some authors 
assign PL to the quantum confinement effect of Si 
nanoclusters in silicon nitride [1,2], while others 
attribute it to radiative defects [3,4] or band tail 
recombination [5,6]. The most of these works are 
devoted to investigation of Si-rich SiNx (x<4/3), 
because it is an initial material for formation of 
system “Si nanocrystals in dielectric matrix”. The aim 
of this paper is to study of structural and optical 

properties of both Si-rich and N-rich silicon nitride 
films. The comparison of properties of such types of 
SiNx will be useful for understanding nature of PL. 

 

Experimental 
In this study, SiNx films were deposited on n-type 

Si(100) substrates by PECVD using the gases of 
monosilane (SiH4) and ammonia (NH3) as the 
precursors. The deposition temperature was 300 °C. 
The stoichiometric composition depended on the 
ratio NH3/SiH4 in the gaseous mixture. The thickness 
and refractive index were measured by ellipsometry. 
Then the samples were annealed in N2 at 900 - 
1100 °С for 1 hour using resistance furnace. The 
depth distribution of N and Si atoms and stoichiome-
tric composition SiNx were analyzed with RBS 

mailto:7033696@mail.ru
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spectrometry using 1.3 MeV He+ ions. Raman 
spectra in a back-scattering geometry were 
measured using micro-Raman setup Integra Spectra 
with excitation wavelength of 473 nm at room 
temperature. Structural properties of as-deposited 
and annealed SiNx films were investigated with plan-
view (PV) technique using a 200 keV-Hitachi H-800 
electron microscope. The PL spectra were measured 
at room temperature using the 325 line of a He-Cd  
laser as the excitation source. 
 

Results and discussion 
It is known that ratio of Si/N atoms is equals to 

0.75 for stoichiometric silicon nitride. It corresponds 
to 42.86 at.% Si and 57.14 at.% N. In our experiment 
calculated from RBS spectra concentrations of Si 
atoms are about 50 at.% and 40 at.% for the Si-rich 
and N-rich silicon nitride respectively. The 
stoichiometry parameter “x“ and the excess of Si in 
silicon nitride were calculated from RBS data using 
the formula from [7]: 

Siexc. = Siat.%/(Siat.% + Nat.%) – 3/7 = (1+x)
-1 

- 3/7 
The parameter “x”, the excess of Si and data 

obtained from ellipsometry (the refractive index and 
the thickness) are shown in Table 1. 

 
Table 1 – Parameters of as-deposited SiNx/Si samples ob-
tained from RBS and ellipsometer data 

Samples 
Refractive  

index n 
Thickness, 

 nm 

Stoichio-
metric pa-
rameter “x” 

Silicon 
excess, 

% 

Si-rich 1,97 98,6 1,0 7,1 

N-rich 1,92 93,2 1,5 -2,9 

 
Fig. 1 shows the PV TEM micrographs of the as-

deposited and annealed samples SiNx. As can be 
seen the furnace annealing at 900°C and 1000°C re-
sults in the formation of precipitates in both samples. 
It should be noted that the density of precipitates in 
Si-rich silicon nitride is higher in comparison with the 
N-rich silicon nitride. 

In order to analyze a structural-phase transforma-
tion in SiNx during the annealing RS was used. We 
failed to register a signal from amorphous or crystal-
line Si clusters due to small thickness of SiNx layer 
and strong scattering from Si substrate. However, we 
observed the band proved presence of hydrogen in 
layers. Raman spectra of as-deposited and annealed 
at 900 °С films are shown in Fig. 2 in the range from 
1800 to 3000 cm

-1
. Raman spectra of as-deposited 

samples contain broad peak approximately at 
2270 cm

-1
 corresponding to absorption on stretching 

vibrations of Si-H2 bonds [8]. The Raman spectra of 
annealed samples don’t exhibit this band (Fig.2 b). 

Thus, both as-deposited films of Si-rich and N-
rich silicon nitride contain hydrogen which disappea-
red after annealing. It is obvious because hydrogen-
bearing gases (SiH4 and NH3) were used and 
deposition temperature was 300 °C. It is known that 
dehydrogenization starts at temperature higher than 
350 °C. Also TEM data confirmed the existence of Si 
clusters in both samples after annealing. Si clusters 
in the N-rich SiNx can be originated from Si atoms 
remained after weak-link scission of Si-H during 

annealing. 
As can be seen from TEM data as-deposited 

samples do not contain any Si clusters. It is known 
that spectrum of silicon nitride films without Si clus- 
ters should be represented by one band, the position  

  
a   b 

  
c   d 

  
e   f 

 
Fig. 1. Bright-field PV TEM images of the as-deposited (a, 
b) and annealed at 900 °C (c, d) and 1000 °C (e, f) Si-
rich(a, c, e, ) and N-rich (b, d, f) silicon nitride films 

 

 a 

 b 
Fig. 2. Raman spectra of Si-rich (curve 1) and N-rich (curve 
2) silicon nitride films: as-deposited (a) and annealed at 
900 °C in N2 ambient for 60 min (b) 

 
and half width of which depend on SiNx stoichiome-
tric composition [5, 6]. We could not observe PL from 
as-deposited samples. 

The RS spectra of our samples demonstrate that 
the annealing at 900 ° and 1000 °C for one hour 
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leads to dehydrogenization of the films. The dissocia-
tion of Si-H and N-H bonds can result in formation of 
Si clusters (Fig. 3) and defects creation in matrix or 
at cluster/matrix interface. All this  

 
a 

 
b 

Fig. 3. PL spectra of Si-rich (a) and N-rich (b) silicon nitride 
films annealed at 900 °C (curve 1) and 1000 °C (curve 2) in 
N2 ambient for 1 hour 

 
process may initiate emergency of luminescence. 
The annealing of our samples results in light 
emission of both samples. The PL spectra of Si-rich 
and N-rich silicon nitride films annealed at 900 ° and 
1000 °C are shown in Fig. 3. The PL spectra have 
complicated waveform in wide range from UV to IR. 
Six possible main emission peaks are marked in the 
PL spectra with arrows at 3.2 eV, 3 eV, 2.8 eV, 
2.5 eV, 2.2-2.1 eV and 1.5 eV. 

The spectra of samples annealed at 900 C differ 
from ones at 1000 °C. The most significant differenc-
es are observed in blue-violet range (2.7-3.3 eV). So, 
the intensity of the PL peaks at 2.8 - 3 eV is reduced 
with increasing temperature for both Si-rich and N-
rich silicon nitride films. In particular, blue-violet PL is 
more than five times greater for N-rich silicon nitride 
film annealed at 900 ° then for the same samples 
annealed at 1000 °C. Ref. [3,4] demonstrated that 
the PL in blue-violet range originated from defect-
related states and attributed to the recombination 
from the conduction band to the N2

0
 level or from the 

valence band to the N4
+
 level. It is known that high 

annealing temperature is required to generate these 
nitrogen defects [9]. In our case annealing at 900 ° 
can produce nitrogen defects, especially in N-rich 
film. The blue-violet Pl decay after increasing anneal-
ing temperature to 1000 °C can be explained by de-

creasing of amount of N-related defects at this tem-
perature. It is possible due to involvement of N atoms 
in nitridation process (the additional Si-N bonds for-
mation). Also it is known that release of hydrogen 
from the films in the form of molecular NH3 is possi-
ble after annealing [10]. Such type of dehydrogeniza-
tion also may reduce concentration of N-related de-
fects. 

The general feature of the spectra of Si- and N-
rich samples annealed at 1000 °C is localization of 
PL maximum at 2.5 eV. The PL peak at 2.5 eV arises 
from the radiative recombination between the elec-
tron and holes in the tails states of the conduction 
and valance bands and the metastable silicon dan-
gling bond (K

o
) center [3,4]. 

The band at 2.1-2.2 eV may be attributed to sili-
con clusters which size does not exceed 5 nm [2]. 
Unfortunately, we could not observe such small 
clusters. Accordingly to Ref. [4] the IR band at 1.5 eV 
can be attributed to the following recombination 
processes: between conduction edge of the intrinsic 
band and N4

+
 level, and between the N4

+
 and N2

0
 

states.  
It is interesting to note that intensity of this band 

correlates with PL intensity in blue-violet range. So, 
blue-violet and IR PL are maximal for N-rich sample 
annealed at 900 °C and minimal for N-rich sample 
PL in blue-violet and IR range originates from the 
same radiative center – N-related defects. 

 
Conclusion 

Structural and optical properties of thin films of 
SiNx deposited on the silicon wafers by PECVD at 
300 °С have been investigated. We have compared 
Si-rich and N-rich silicon nitrides. According to the 
RS data the as-deposited films contain hydrogen. 
The annealing results in dehydrogenization of the 
SiNx films. We have observed formation of silicon 
clusters in both Si-rich and N-rich silicon nitride films 
after annealing at 900 °C and 1000 °C for hour in N2 
ambient. Strong PL is observed at room temperature 
after annealing and has a wide spectral distribution 
from 1.5 to 3.4 eV. This PL is attributed to preferen-
tial excitation of defect-related states and probably to 
emission from silicon clusters. 
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