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We report the deposition of Si-N films by multipulse excimer laser (X = 308 nm, 
~FWHM ----- 30 ns) ablation of Si wafers placed in a slow flow of NH3 in the pressure range 
(1 labar- 1 mbar). The films are deposited on to a Si collector placed parallel to the Si target. 
We succeeded in depositing pure amorphous Si3N4 films at a pressure of 1 mbar of NH3. The 
deposition rate reached a maximum value of 0.2-0.3 nm per pulse. At lower pressures, the 
deposited films consist of a fine mixture of three amorphous phases (amorphous 
stoichiometric silicon nitride, amorphous non-stoichiometric silicon nitride and amorphous 
silicon). The amorphous silicon is prevalent in films deposited at a pressure of several to 
several tens of gbars, Droplets of polycrystalline ~-Si are sometimes visible on the film 
surface. The experimental evidence, is analysed with a view to elucidating the participation 
in the chemical synthesis of the three main stages of the process: the substance expulsion 
from the target by laser ablation, the transition through the gas of the expulsed substance 
and it's final impact on the collector. We conclude that silicon nitride is mostly synthesized 
during the impact on the collector of the flow of the ablated substance. 

1. I n t r o d u c t i o n  
Silicon nitride exhibits an advantageous combination 
of several challenging performance requirements 
[1,2]. Firstly, silicon nitride has a good chemical 
stability at rather high temperatures. In addition, it 
has a high resistance to mechanical shock and remark- 
able corrosion wear. Silicon nitride is a light material 
(having a density of 3190 kgm-3). It is characterized 
by a quite low value of the dilatation coefficient and 
exhibits a very high resistivity (larger than 10 l~ f~ cm). 
Silicon nitride behaves therefore as an electrical insu- 
lator in very thin layers. 

Due to these features, silicon nitride is intensively 
used in advanced technologies [3]. Si3N4 is employed 
in the preparation of special ceramics, mechanical con- 
structions and also as a refractory material where cor- 
rosion resistance is needed and also as an electrical 
insulator. We also note the use of thin films of silicon 
nitride in VLSI microelectronics where they find use in 
a variety of applications; for example in multilevel 
interconnect structures, barrier layers and especially in 
the final passivation of many types of structures [4, 5]. 

Lasers have been applied to the synthesis of silicon 
nitride as either a powder or in thin film form [6]. The 
most commonly reported procedure concerns the 

laser pyrolysis of Sill4 and NH3 precursors [7]. Thin 
Si3N 4 layers were obtained by photolysis, using either 
an excimer laser [8] or lamps [4, 9, 10]. In most of the 
cases, the reaction takes place in a homogeneous 
phase and evolves away from the chamber walls. The 
silicon nitride powder formed is spread in all direc- 
tions. As a result, a part of the synthesized powder is 
lost and optical elements in the growth chamber can 
be irreversible damaged. 

We have succeeded in synthesizing a silicon nitride 
thin layer in a heterogeneous phase reaction by laser 
direct synthesis [11, 12]. To this aim, silicon wafers 
were submitted to a long multipulse irradiation series 
in an NH3 atmosphere. Thin layers of very pure 
a-Si3N4 were formed on a Si surface after the action of 
several thousand laser pulses. The thickness of the 
synthesized layer is limited to 3- 5 gm due to satura- 
tion. Unfortunately, the prolonged multipulse laser 
irradiation causes surface perturbations which remain 
visible at the end of the laser treatment in the form of 
surface ripples. These ripples which are typically in the 
gm size range are undesirable for microelectronic ap- 
plications. 

A new technique [13-18] the Laser Reactive Abla- 
tion (LRA) overcomes these drawbacks. It consists of 
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the laser ablation of a target in a complex process 
accompanied by chemical reactions in an ambient 
atmosphere of a low pressure reactive gas. Reac- 
tion products are collected on an additional support. 
The thickness of the deposited film is unlimited and 
can be smoothly increased through the cumulative 
action of an appropriate number of laser pulses. The 
films are protected against the perturbing action of 
the plasma and/or of the shock waves and are there- 
fore free of ripples or other roughness. The heating 
of either the target or the collecting support is not 
mandatory. 

We have reported [19, 20] the application of LRA 
to the synthesis and deposition of silicon nitride films. 
We continue here with further experimental and the- 
oretical data concerning such films. 

2. Experimental procedure 
The general experimental scheme is depicted in Fig. 1. 
The experiments were performed with the aid of 
a Lambda Physik LPX 315i XeCI* excimer laser 
(X = 308 rim, ZFWI~M = 30 ns). The Si wafers, were sub- 
mitted to series of 10 4 laser pulses, at a repetition rate 
of 10 Hz. The incident laser fluence was set with the 
aid of a focusing lens (L) at a value Es > 5 J cm- 2. The 
laser beam was incident under an angle of ~ 45 ~ to the 
normal of the Si target surface. The target was rotated 
at a frequency of 3 Hz in order to avoid fast drilling. 
The ablated material was collected on a (100) Si 
wafer surface placed at varying distances from the 
target, of d = 14, 21 and 30 mm. In order to improve 
the adherence of the deposited films, a ceramic heater 
(H) is embedded into the collector. The Si collector 
was generally heated to 200 ~ The reaction chamber 
was first evacuated down to a residual pressure 
of ~ 10-7 mbar. Then, the chamber was filled with 
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Figure 1 Schematic diagram of the experimental apparatus. (T)- 
Rotatable target-holder; (H) Heated substrate holder; (L) Focusing 
lens; (P) Plasma plume; (F) Lens; (G) Gas (NH3) inlet; (M) Mono- 
chromator; (S) Spectrograph. 
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electronic grade ammonia. The NH3 pressure was 
set at five different values in the range 
1 x 10 .3 -1 mbar: Po = 1, 10, 50 gbar and 0.1, 1 mbar, 
respectively. 

Time-integrated optical emission spectra (OES) of 
the plasma (P) evolving in front of the Si target were 
recorded. An integral spectrum ranging from 360 
600 nm was recorded during a complete multipulse 
irradiation series. The time-resolved evolution of 
characteristic lines of neutral and ionized silicon were 
detected. To this purpose a suprasil lens (F), was used 
for imaging the plasma on the 50-gm-wide entrance 
slit of a grating spectrograph (S), (model S100 from 
Oriel Optik). The deposited films were investigated 
with different techniques in order to have a better 
understanding of the phenomena involved in the LRA 
of Si in NH3. The films were investigated by transmis- 
sion electron microscopy (TEM) and selected area 
electron diffraction (SAED) with the aid of a Jeol 
Temscan 200 CX electron microscope. For TEM and 
SAED investigations, representative specimens were 
prepared by extraction replica methods. 

Due to their potential important practical applica- 
tions, the films were also optically studied by spectro- 
scopic ellipsometry (SE) [21, 22]. In our case, SE ana- 
lyses, were conducted with the Bruggeman effective 
media approximation (EMA) [23-251. The SE invest- 
igations of the films were conducted with the aid of 
a variable angle ellipsometer in uv-vis mode. The 
apparatus allowed a reading accuracy of 1 minute for 
both azimuths (polarizer and analyser) and for the 
angle of incidence. 

Electron spectroscopic studies were performed with 
a view to characterize both the films deposited by 
LRA on the collector and also the crater formed on 
the surface of the Si sample during the laser ablation. 
These studies were accomplished with the aid of a Es- 
calab Mk II (V.G. Scientific) apparatus, whose analy- 
sis chamber was evacuated down to 10-}o mbar. The 
unmonochromated A1K~ radiation of 1486.6 eV was 
used for recording the X-ray photoelectron spectro- 
scopy (XPS) spectra. We recorded the photoelectron 
spectrum corresponding to the Si 2p level in the range 
90-110 eV. The spectra calibration was obtained against 
the Ag 3ds/2 (Eb = 368.26 eV) and Ag M 4 N N  (Eb = 
1128.78 eV) lines with the Fermi level as the control 
energy. The correction for charge effects was ensured 
with a flood gun, as against the position of the C ls 
line (285 eV). For a clear identification of the chemical 
bonds we also recorded the Auger transition (X-ray 
Auger electron spectroscopy-XAES) Si KLL at 
1600-1650 eV. 

3. Results 
3.1. OES experiments 
A first observation is that a bright spark accompanies 
the action of every laser pulse. A second observation is 
that the OES spectra contains lines which belong to 
three Si species - Si III, Si II and Si I (Fig. 2). From the 
time-resolved spectra at various distances from the 
target surfaces one can calculate both the velocities 
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Figure 2 The Time-integrated optical emission spectrum of the 
plasma evolving in front of the Si target at a pressure of Po = 1 mbar  
of ambient NH3. 

and the kinetic energies of either neutral or ionized Si 
atoms in the plasma plume. We obtained mean vel- 
ocities of ~2.4 x 104 ms-  1 for SiI and of ~ 1.8 x 104 
ms-1 for SiII. No lines corresponding to nitrogen 
species were observed in any of the time-integrated 
OES. 

3.2. Visual and profilometric experiments 
Visual inspection of the films deposited on the collec- 
tor after the action of several tens to several hundreds 
of laser pulses shows they are brightly coloured from 
pale yellow to green or violet. When the irradiation 
series is prolonged to several thousands of pulses, the 
colour of the films stabilizes to dull grey in contrast to 
the brilliant grey of the neighbouring uncoated silicon 
zones on the collector surface. The homogeneous cha- 
racter of the deposition was observed by scanning the 
films with a profilometer needle. Typical recordings 
are shown in Fig. 3(a,b). From Fig. 3a, we notice that 
the film thickness was resonably constant. The film 
thickness depends strongly on the target-collector sep- 
aration distance. Films of 2-3 pm were deposited for 

d = 14mm (Fig. 3b). The thickness diminishes to 
0.2-0.3 ~tm at d = 30 mm (Fig. 3a). For  d = 21 ram, 
the deposited films have a thickness of 1-1.5 gin. Peaks 
are more abundant and larger in the case of films 
obtained at d = 14 mm (compare Fig. 3a, b). 

The dependence of the deposited film thickness on 
the gas pressure is much weaker. The thickness of the 
deposited films decreases up to 50 per cent at 
d = 1 4 m m  and d = 2 1 m m  and 70 per cent at 
d = 30 mm when increasing P0 from 1 pbar to 1 mbar. 
The peaks are much more numerous at small pres- 
sures of 1-10 pbar than at 1 mbar. 

3.3. Electron microscopy studies 
Analysis of the TEM and SAED. patterns were 
performed with the aid of standard samples of amor- 
phous silicon nitride, amorphous silicon and of 
amorphous silicon dioxide. 

A general observation concerns the rather amorph- 
ous character of the films. The films obtained at 
Po = l m b a r  are completely amorphous while the 
films deposited at smaller ambient pressures include 
crystalline islands. There is one amorphous com- 
pound which has been observed in all the films pre- 
pared by LRA. This compound exhibits in diffraction 
studies (curve a in Fig. 4) two halos with maxima 
corresponding to effective interplanar distances of 
0.35 _+ 0.01 nm and 0.14 nm, respectively - i.e. close to 
the positions of 0.36 _+ 0.01 nm and 0.13 nm of the 
halos observed in case of the standard of amorphous 
silicon nitride (curve b in Fig. 4). The quantity of a- 
Si3N4 increases with the pressure of the gas in which 
the Si ablation was promoted. 

Amorphous Si is present in some of the films. We 
observed amorphous silicon with a structure identical 
to that of the standard prepared by thermal evapor- 
ation in vacuum. The diffraction patterns for both of 
them exhibit two distinct halos with maxima corres- 
ponding to effective interplanar distances of 0.315 _+ 
0.005 nm and 0.175 nm, respectively. An identical pat- 
tern was observed in the case of the film deposited by 
laser ablation of silicon in a vacuum. " 

Finally, a third amorphous compound was identi- 
fied in the films deposited at small and intermediate 
pressures. The diffraction studies of this compound 
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F i g u r e 3  Profilometer recordings of films deposited at a pressure of Po = 1 pbar of ambient NH3. The target-collector distance was 
d = 30 mm (a) and at d = 14 mm (b), respectively. 
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Figure 4 The intensity distribution in the electron diffraction pat- 
terns after subtraction of the incoherent continumn intensity in case 
of: 
(a) the amorphous silicon nitride films deposited at 
Po = 1 mbar and d = 30 mm. (b) the sample of amorphous silicon 
nitride prepared by LCVD; (c) the amorphous silicon in a film 
deposited at Po = 101xbar and d = 14mm and the sample of 
amorphous silicon prepared by thermal evaporation in vacuum. 
(d) the third amorphous compound (most probably amorphous 
nonstoichiometric silicon nitride, SiNx). The pattern in the figure is 
recorded when examining the film obtained at Po = 10 gbar and 
d = 30 ram. 

different to that of amorphous Si or that of amorph-  
ous silicon dioxide. We conclude that this compound 
which is similar to a certain extent with amorphous  
silicon nitride, is in fact a nonstoichiometric silicon 
nitride of the type SiNx with x < 1.33. 

A typical TEM micrograph of the surface of the 
films deposited at smaller separation distances and/or 
lower ambient pressures is shown in Fig. 5a. Several 
droplets with dimensions of ~ 1 #m can be observed. 
One of these droplets was analysed by electron diffrac- 
tion (Fig. 5b). The droplet consists entirely of fine a-Si 
polycrystallites [-26] (Fig. 5b) with dimensions of 50- 
100 nm. The same result was obtained when perform- 
ing the SAED analysis on any of the droplets. 

One notices the absence of any texture within the 
polycrystalline zone. This means that the droplets were 
incident on a n  amorphous bed covering the single- 
crystal substrate. The epitaxial regrowth of the film is 
therefore prohibited. Another point concerns the 
abundance of these polycrystalline zones (droplets). 
There are more polycrystalline zones on the films depo- 
sited at 14 or 21 mm. Finally, we note the coexistence 
on the surface of some of the grown thin films of 
various phases - i.e. the amorphous silicon nitride, the 
amorphous  SiNx, the amorphous  silicon and the cry- 
stalline a-Si. These zones lie at gm distances from one 
another. This feature is characteristic to the films 
obtained at smaller and intermediate pressures of 
NH3. 

Figure 5 (a) A TEM micrograph of an area of the film deposited at 
Po = 1 gbar and d = 14 mm. Droplets of various dimensions are 
visible. (b) SAED pattern of the droplets visible in Fig. 5a. 

exhibit two halos with maxima corresponding to effec- 
tive interplanar distances of 0.320 ___ 0.005 nm and 
0.205 nm, respectively (curve d in Fig. 4). We note that 
this amorphous compound has a structure completely 
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3.4. Spectroscopic e l l ipsometry  
invest igat ions 

The homogeneous character of the films deposited by 
LRA, was proven by testing them optically with the 
ellipsometer. We observed homogeneous areas which 
could easily be linked to the ellipsometer light source. 
The samples surface and interface are planar and fairly 
sharp. 

The SE studies have confirmed that the films ob- 
tained at larger pressure of the ambient NH3,  mainly 
consist of silicon nitride. A typical SE spectrum re- 
corded for a film which was obtained at an ambient 
pressure of Po = 1 mbar, is given in Fig. 6 (curve a). 
A computat ion based upon the ellipsometric para- 
meters of the refractive index, for an investigating 
wavelength of X = 547 nm gives n = 2.6, in the case of 
the films obtained at Po = 1 mbar  and d = 30 m m  
(curve a in Fig. 6). We note that this value is very close 
to n = 2.2 which corresponds to pure silicon nitride 
but is far from the value of 4.75 which is characterist ic 
to amorphous silicon ]-27]. 

The experimental curve was then fitted with the aid 
of a three phases structural model. The optical proper- 
ties of each phase were introduced by the Bruggeman 
EMA. We note that according to Ref. [28] EMA is 
a reliable method when applied to silicon nitride/sili- 
con oxide/silicon multilayer structure analysis. The 
dielectric functions of the crystalline Si, amorphous  Si, 
silicon nitride and silicon dioxide, were used in the 
fitting using the "Ellipsometry Simulation Program" 
[29]. The best fitting of curve a was obtained for 
a structure consisting of a 280 nm thick layer of Si3N4 
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Figure 6 Spectroscopic e11ipsometry spectra. 
Curve (a) corresponds to a film deposited by LRA of Si in NH~ at 
P0 = 1 mbar and d = 30 ram. This curve entirely coincides with the 
best fitting obtained by Bruggeman EMA for a structure consisting 
of 280 nm Si3N4 with 2.3% a-Si as impurity, separated from the 
bulk single-crystal Si substrate by an interlayer of 3 nm SiO2 
(scheme in the right upper corner). Curve (b) is an EMA Bruggeman 
fitting for a structure consisting of 280 nm pure a-Si3N~/3 nm of 
SiO2/single crystal Si substrate. Curves (c) and (d) correspond to 
films deposited by LRA at Po = 1 ~tbar, d = 2I mm and d = 30 ram, 
respectively. Curve (e) is recorded in case of a film deposited by laser 
ablation of Si in vacuum. Curve (f) is the Bruggeman EMA fitting 
for a structure consisting of 280 nm pure a-Si/3 nm SiO2/single 
crystal Si substrate. 

which includes 2.3% amorphous Si as an impurity 
separate d from the bulk single-crystal Si substrate by 
an interlayer of SiO2 of 3 nm thickness (this scheme is 
depicted in the right upper corner of Fig. 6). We have 
taken into account the native oxide layer of SiO2 
which has a similar thickness. We point out that the 
thickness obtained by simulation agrees with the value 
measured by profitometry and which was found to be 
in the case of this film (Po = 1 mbar, d = 30 mm) of 

0.3 gm. The best fitting completely superimposes i:n 
Fig. 6 with the experimentally recorded spectrum. 
Two other spectra which correspond to the two limit 
situations are also given in the figure. They corres- 
pond to the case when the upper layer of 280 nm 
thickness consists of pure silicon nitride (curve b), or of 
pure amorphous silicon (curve f). The main con- 
clusion following from inspection of curves a, b and 
f in Fig. 6 is that the film obtained at Po = 1 mbar 
exhibits ~optical properties very similar to silicon ni- 
tride and quite different from those of silicon in either 
the amorphous or crystalline state [30]. 

In Fig. 6 (curve e) we have introduced the SE spec- 
trum corresponding to the thin film deposited by laser 
ablation of silicon in a vacuum. This spectrum is 
analogous to that of the amorphous silicon (compare 
the curves e and f). Amorphous silicon is also domi- 
nant in the case of films obtained at a lower pressure of 
the ambient gas. Thus the fraction of amorphous Si is 
larger at a pressure of several tens of gbar, and be- 
comes prevalent at few gbar. As a consequence, the 
measured SE spectrum practically reproduces the 

spectrum of amorphous Si (compare curves c, d and 
f in Fig. 6). 

3,5. Electron spectroscopy studies 
The top layer with a thickness of 5- 6 nm, of the films 
was studied by both XPS and AES techniques. Ac- 
cording to Ref. [31] the Si 2p level at 99.7 eV is shifted 
to 101.9 eV in Si3N4 and to 103.4 eV ( + / -  0.2 eV) in 
SiO2. On the other hand, the Si 2p line width increases 
with the electronegativity of the species bound to Si, 
from 1.2 eV in pure Si to 1.7 eV in Si3N4 and 2 eV for 
SiO2. The Si 2p level spectraare formed by the over- 
lapping of the lines coming from unbonded Si atoms 
and Si atoms chemically bonded in either Si3N4 or 
SiO2" 

The analysis of the XPS spectra recorded in case of 
films synthesized and deposited in NH'3, showed, in all 
cases, the presence of the Si-N bond (Fig. 7). The peak 
assigned to the Si-N bond is clearly visible for the 
samples deposited at higher pressures of the ambient 
NH3 (i.e. for Po =0.1mbar  and especially for 
Po = 1 mbar) and is much smaller for samples depos- 
ited at a pressure of ambient NH3 of a few, up to a few 
tens of gbar. It is also apparent from Fig. 7, that an 
important contamination with oxygen is occurring. 
Using the peak synthesis method [31] an analysis of 
the spectrum reproduced in Fig. 8, gives a relative 
abundance for the three chemical states of Si as: 32% 
unbonded Si, 19% Si-N and 49% Si-O. In relative 
terms, then the contamination is more important in 
the case of films obtained at lower pressures of ambi- 
ent NH3. 

Another important piece of experimental evidence 
was revealed by scanning the surface of the films with 
the aid of the facilities for "Small area XPS". It was 
thus observed, that the films deposited at larger pres- 
sure of 0.1-1 mbar of NH3, exhibit a rather homo- 
geneous composition. This is proven by the quite 
identical spectra recorded at different locations on the 
film surfaces characterized by a constant ratio be- 
tween the amplitude and the total area of the peaks 
assigned to the different chemical bonds. On the other 
hand, films deposited at the smaller pressures of 
1 gbar and 10 gbar, appeared to be inhomogenous. 
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Po = 1 mbar and d = 30 ram. 
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Figure 9 AES spect rum recorded in the case of a film deposi ted  at  

Po = 0.1 m b a r  and  d = 30 ram. 

For example a location where the presence of Si3N, is 
confirmed by the distinct peak at 102.1 eV (as in 
Fig. 7) is separated by only a few gm from other 
locations were the S i N  peak is absent and only the 
peak of unbonded Si and the Si-O peak could be 
observed (Fig. 8). 

The same characteristic features were observed 
in the Auger spectra. The Auger Si KLL transition 
is found within the energy range of 1600-1650 eV 
[32]. According to [32], the transition Si 
KLL, peaks at 1616.2 eV (the corresponding Auger 
parameter is a = 1715.9) in the case of unbonded 
Si. For the Si-N bond in Si3N4 this transition 
is shifted to 161Z2eV (0~ = 1714.1) while for the 
Si-O bond in S iO/ the  transition peaks at 1608.8 eV 
(~ = 1712.2). 

As is visible in Fig. 9, both peaks are present in 
the recorded Auger spectra proving the coexistence of 
the two phases, Si3N4 and SiO/. The same 
general trend was observed when comparing the Au- 
ger spectra of thin films prepared at different values 
of the NH3 pressure, Po. The peak pointing to 
the existence of the Si3N4 diminishes in both 
amplitude and area when Po is decreased from 1 mbar 
to 1 tlbar. 
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4. Discussion 
We have shown that the LRA of Si in NH3 success- 
fully results in the synthesis and the deposition of 
layers containing a prevalent quantity of silicon ni- 
tride. Silicon nitride is present as an amorphous phase. 
We have observed that silicon nitride is the majority 
phase compared with the other phases, at the highest 
pressures of (0.1-1) mbar of ambient NH3 used in our 
experiments. Amorphous silicon is another important 
phase. It is prevalent at lower pressures of NH3 (a few 
gbar to several tens of ~tbar). A third amorphous 
compound was identified, which is most probably 
amorphous nonstoichiometric silicon nitride (SiNx, 
x < 1.33). Another important observation concerns 
the reduced contamination with oxygen of the layers 
obtained by LRA of Si in NH3. The oxygen is present 
in the form of silicon dioxide only at the very top of 
the deposited layers. 

Droplets of gm size were observed on the surface of 
the deposited layers. Their abundance and dimensions 
are larger at smaller separation distances. As for the 
droplets origin, we note that according to current 
analysis [11-15-1, they can be formed by two basic 
processes. The droplets could be sprayed from a liquid 
layer covering the interaction area by the recoil pres- 
sure of the ablated material [33]. Alternatively, the 
droplets can form by the clustering of the ablated 
material during the transition through the ambient 
gas and at impact on the collecting surface [34]. 

We note that our experimental observations, mostly 
confirm the first process. Indeed, the clustering should 
be more important as the ablated substance becomes 
cooler-  i.e. the formation of more clusters (droplets)is 
expected after a longer transit. But, as we pointed out 
in Sections 3.2 and 3.3 there are significantly more 
droplets on films deposited at a target-collector separ- 
ation distance of d = 14 mm than at d = 21 mm or at 
d = 30 mm. We consider therefore, that the droplets 
are expelled from a liquid phase on the target. During 
movement through the ambient gas they are gradually 
eliminated due to gravity, since the movement takes 
place in our experiments along a horizontal line. 

The droplet geometry and especially, their composi- 
tion also provide key information about the main 
physical phenomena involved in the LRA of Si in 
NH3. Indeed, as proved by electron diffraction 
(Fig. 5 b), the droplets consist entirely of Si. We conse- 
quently infer that the melted material from which 
ablation is promoted, is in fact unreacted Si. These 
droplets can only be insignificantly nitridated [15] 
during the movement through the ambient gas and at 
the impact on the collector due to minimal exposure 
t o  N H 3 ,  before solidification. 

In contrast with what we have suggested in previous 
work [14,15], further considerations induces us 
to think that there is a very small probability that 
the Si becomes nitridated during the existence of 
a liquid phase within the irradiation zone. The expo- 
sure of the liquid area in contact with the gas is at the 
most 1 layer of NH3 molecules. This means that, 
during the existence of the liquid phase, the nitrida- 
tion process cannot advance by more than a few 
tenths of a nm. 



Of course, it is possible that gas in zones close to the 
irradiation area, is captured into the liquid pool by the 
convective fluxes found in molten substances [35]. 
The velocity of convection depends on the particular 
convection mechanism operating. For the case of ther- 
mocapillary convection, the time for one vortex turn, 
is ~ 100 gs. Vortices can also develop due to the 
recoil pressure on the liquid created by the ablated 
material and the plasma [35]. The corresponding in- 
itiation time of 1 vortex is ~ 1 ~ts. Both these times are 
much longer than the tptal duration of the melted 
phase, _> 100 ns and thus they cannot play a signifi- 
cant role in feeding the gas into the liquid pool. 

These restrictions impede the progress of the ni- 
tridation process during the existence of the liquid 
layer. As a result, during this time the nitride synthesis 
advances only insignificantly in the liquid phase. Con- 
sequently, the plasma recoil pressure acts upon 
a liquid pool of Si, and droplets entirely consisting of 
Si, are expelled. 

The conclusions of these analyses are fully consis- 
tent with the results of a special experiment. Using the 
facilities for small area XPS we have positioned the 
investigating electron beam both inside the crater 
forming as an effect of the laser treatment and also 
away, from its border on the target surface. The results 
we obtained in the case of a Si target which was 
subjected to the action of 104 laser pulses, in NH 3 at 
Po = 1 mbar, are given in Fig. 10. We observed that 
the peak corresponding to the Si-N bond at 101.6 eV, 
is present both in the spectrum (curve a in Fig. 10) 
corresponding to the zone inside the crater, and also 
in the spectrum (curve b in Fig. 10) corresponding to 
a zone placed 3 mm from the crater edge. The peak 
completely vanishes (curve c in Fig. 10) after a short 
superficial cleaning (sputtering) of the investigated 
zone inside the crater. E,~en so, the target was melted 
to a depth hundreds of times deeper [15, 38]. 

The relative weight of the Si-N and Si-O bonds, 
inside and outside the crater were inferred by the peak 
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Figure 10 XPS spectra corresponding to a Si target submitted to 
the action of 104 laser pulses ( f =  10 Hz) in ambient  NH3 at 
Po = 1 mbar.  The curves (a) and (b) correspond respectively to the 
zone inside and outside (3 m m  apart) the crater forming on the 
target surface as an effect of the multipulse laser treatment. Curve (c) 
corresponds to a zone inside the crater after a few minutes sputter- 
ing with a 10 keV ion beam. 

T A B L E  I The relative abundance of the silicon nitride and silicon 
dioxide inside the crater and 3 mm away from its edge on the target 
surface 

Crater zone A zone placed at 3 m m  
from crater edge 

Si3N4 25 % 8 % 
SlOg 75 % 92 % 

synthesis method [32] applied to curves a and b of 
Fig. 10. The results are given in Table I. From this we 
deduce: 
(i) there is a significant presence of Si-N bonds outside 
the crater; 
(ii) the Si-N bond, is three times more abundant inside 
the crater than outside it. 

We observe that these results are in good agreement 
with the date of [39] where a careful comparison was 
performed of the surface processes involved in the 
nitridation of Si by NH3 and in SiNx film deposition. 
According to [39] at a Si substrate temperature of 
860 K the nitridation process is started but remains 
limited. A nearly spatially uniform N chemisorption, 
capping all the Si surface dangling bonds in a random- 
ly distributed way, is accomplished. A localization of 
the nitrogen atoms is mainly limited to the top layer in 
this stage. 

On the other hand, inside the crater the temperature 
evolves to much higher values and the Si melting point 
is surpassed. As a result [39], higher dynamical expo- 
sure values are reached, and a stoichiometric Si3N4 
develops at 800 ~ Nitrogen incorporation is satu- 
rated, as all the Si coordination sites are occupied by 
nitrogen. 

We further examine the phenomena occurring after 
the substance leaves the laser action zone on the target 
surface. A hot vapour flow with a high degree of 
ionization is continuously leaving the irradiation area. 
In other words, the plasma is generated directly from 
the solid phase, a process which is strongly determined 
by the surface temperature. The plasma density and 
degree of ionization depend only on the absorbed 
laser energy. The Si plasma, rapidly recombines 
]-40,41] (in less than 30 ns), becomes cooler and its 
density strongly diminishes during its expansion in the 
ambient gas. Consequently, the Si plasma cannot ig- 
nite a breakdown plasma into ambient NH3, because 
it simply does not mix with the gas [42, 43] (as hap- 
pens with the plasma generated under the action of 
high-intensity TEA-CO2 laser radiation). The Si 
plasma pressure exceeds significantly the pressure of 
the ambient gas. The gas is chased out from the areas 
neighbouring the laser treated zone. The gas is there- 
fore less exposed to the focused laser beam, and is 
therefore only minimally involved in the plasma. This 
description of the phenomena occurring in zones close 
to the laser irradiation area, is fully supported by the 
absence of lines belonging to the gas species in all the 
time integrated OES experiments. 

There are two other stages which can contribute to 
nitridation: the further transit through the ambient 
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gas in the heart of the growth chamber of the ablated 
substance and its impact on to the collector. We ob- 
served that both stages are strongly influenced by the 
pressure of the ambient gas, Po- Indeed, the mean free 
path of molecules strongly diminishes with the pres- 
sure P0 according to a Po i law [44]. With increasing 
P0, more collisions take place between the ablated 
substance and the gas molecules and the reaction 
probability increases. Also, the capacity for the NH3 
molecules to react with deposited material on the 
collector surface, in the time interval elapsing between 
the arrival of two pulses of ablated substance, in- 
creases 103 times when the pressure is varied from 
1 ~tbar to 1 mbar. One therefore obtains, better pro- 
gress in the nitridation reaction with increasing P0. 
The process seems to be complete at Po = lmbar, 
while at lower pressures there is a lack of NH3 mol- 
ecules, to react with all the Si atoms. 

Gas pressure variation causes yet another, more 
subtle effect, related to the thermal stability [45] at 
different pressures of the Si3N4 molecule (Table II). 
According to the data in Table II, Si3N4 is stable at 
2250 K at atmospheric pressure, but becomes unstable 
at 1600 K at a pressure of several hundreds of gbar 
and at 1500 K, in a vaccum. Si is a vapour at temper- 
atures in excess of 3520 K [46], and a liquid at temper- 
atures larger than 1690 K [-30]. Si atoms can only 
react in the solid phase with NH3 to form a Si3N4 
molecule, when the gas pressure is of the order of tens 
or hundreds of ~tbar. At such pressures the Si3N4 
molecule forms and instantaneously dissociates into 
either a vapour or liquid phase. The situation is better 
at Po = lmbar where a small temperature window 
allows for the Si3N 4 formation into a liquid phase. In 
conclusion we consider the reaction on to the collector 
surface as the most probable one. The collector sur- 
face receives enough NH3 molecules in the time inter- 
val elapsing between the arrival of two subsequent 
flows of ablated substance. Also, the hot Si atoms are 
in contact with the NH3 molecules for a tong time 
before their complete cooling on the collector surface. 

We also suggest a positive role for the plasma radi- 
ation on advancing the nitridation reaction during 
this stage. The plasma generates radiation under an 
extended range of wavelengths 1-47, 48]. This radiation 
can act efficiently on the NH3 molecules adsorbed on 
to the collector surface and enhance the direct photo- 
lysis of the NH3 molecules, resulting in the advent of 
an NH~- radical. This hypothesis is still being checked. 

An important argument in favour of the prevalent 
contribution to nitridation of the reactions taking 
place on the collector surface, is the experimental 

TABLE II  The thermal stability of the Si3N 4 molecule at various 
pressures of the ambient gas" 

Dissociation pressure of Si3N 4 
(equilibrium), (bar) 

Temperature (K) 

0.27 1606 
5.5 1802 
103 2250 

~See Reference [45]. 
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evidence obtained at lower NH3 pressures. As pointed 
out in Sections 3.3 and 3.5, in the most sensitive range 
of small and intermediate pressures of NH3 (of several 
gbar to several tens of gbar), the coexistence is ob- 
served in the films, of different phases. These phases 
include amorphous silicon nitride, amorphous silicon 
and amorphous nonstoichiometric products (of the 
type SiNx). Which specific compound is formed, de- 
pends in our opinion, on the status of the location on 
which the ablation flow is incident upon. If there are 
enough absorbed NH3 molecules, the process ends 
with the formation of stoichiometric Si3N4. If the 
amount of the NH3 molecules is insufficient, the result 
is either a nonstoichiometric phase or an unreacted Si 
deposit. 

5. Conclusions 
We have successfully extended the applications of 

LRA to the synthesis and deposition in a one step 
process of thin films with a prevalent content of silicon 
nitride. The films are mostly amorphous. 

The best results in respect with the purity and the 
overall quality of the films were obtained at a pressure 
of 1 mbar of the ambient NH 3. The fihns deposited at 
lower pressures of NH3 (on the order of a few gbar to 
a few hundreds of ~tbar), are in fact a mosaic of 
different phases such as: amorphous silicon nitride, 
amorphous nonstoichiometric silicon nitride and 
amorphous silicon. 

The film quality is sometimes hampered by the 
presence of droplets which were expelled from a liquid 
phase in the laser action zone on the target. We 
observed that the number, and dimensions of these 
droplets diminishes with an increase of either the 
separation distance between the target and collector 
or alternatively the pressure of ambient NH3. 

We observed that contamination with oxides stands 
as an essential drawback for the laser preparation of 
thin films of compounds not containing oxygen. By an 
appropriate choice of the experimental conditions (an 
initial vacuum lower than 10 .6 mbar, a purity of 
99.99% of NH3, the heating of the chamber walls 
during the transfer operations), we succeeded in limit- 
ing the oxygen contamination to the very top layer of 
the deposited films. 

The deposition rate of the silicon nitride thin films 
reached 0.3 nm per pulse at a target-collector separ- 
ation distance of 14 mm. This decreased by almost one 
order of magnitude at a separation distance of 30 ram. 
The films are quite uniform and have good optical 
properties since they could be characterized by spec- 
troscopic ellipsometry. 

Based on the information concerning the composi- 
tion and the structure of the droplets, we have 
demonstrated that the nitridation process does not 
start in the case of LRA of Si in NH3 within the 
irradiation zone of the target submitted to the abla- 
tion. All experimental evidence, fully agrees with the 
hypothesis that silicon nitride is mostly formed on 
the collector, under impact of the ablated substance 
cloud. 
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