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A rf magnetron sputtering apparatus operating at constant gas pressure was used to deposit 
silicon nitride thin films in an Ar-N2 plasma. The nitrogen partial pressure, incident rf power, 
and the deposition time were varied to obtain various sets of films. In analyzing the 
stoichiometry and thickness of the silicon nitride films by Rutherford backscattering 
spectroscopy, several correlations among deposition parameters and film characteristics could be 
found. The results can be discussed by adapting a reactive sputtering theoretical model to the 
present conditions. An alternative method to grow films with the same stoichiometry but under 
different deposition rates was tested. 

I. INTRODUCTION 

Silicon nitride films have been playing an important role in 
the fabrication of semiconductor devices. Their applica­
tions range from diffusion barriers and interlevel insulation 
to final passivation. 

The former standard method used to deposit silicon ni­
tride films was chemical vapor deposition (CVD), where a 
reaction between gaseous reactants takes place in the pres­
ence of a thermal source. The CVD method was followed 
by the plasma-enhanced CVD technique, where the gas­
eous reactants are induced to react by a glow discharge. 
The advantages of these techniques, when compared to 
reactive sputtering, are the sometimes higher deposition 
rates achieved together with a better step coverage due to 
the higher pressures inside the chamber. On the other 
hand, the disadvantage of CVD and reactive plasma tech­
niques is that usually the source gases are hydrogenated, 
causing a high hydrogen concentration in the films. This 
contamination with hydrogen induces some problems, 
such as the electrical passivation of the dopants of silicon 
and the shifting of the threshold voltage of a metal-oxide­
semiconductor field-effect transistor (MOSFET) due to 
hot-electron trappings in the gate oxide when the MOS­
FET is encapsulated with hydrogenated silicon nitride. 1 

This is not the case with reactive sputtered films, since one 
will mostly have N2 and Ar in the chamber. The advantage 
of a magnetron in this last system is that it provides a more 
efficient ionization of the plasma gas, allowing one to lower 
the working pressure and obtaining, in most cases, a 
cleaner ambient, and also to lower the substrate tempera­
ture, since the electron bombardment of the substrates is 
very much reduced. 

The literature on reactive sputter deposition of silicon 
nitride is rather sparse. The majority of the papers on sil­
icon nitride deal with CVD and plasma-assisted CVD dep­
osition methods and their inherent contamination with hy-

drogen. There are papers that focus on the materials 
characteristics of silicon nitride thin films deposited by re­
active sputtering, like electronic structure, magnetic prop­
erties, breakdown voltage, and leakage current of micro­
electronic devices, but not on the characteristics and 
properties of the deposition process itself. In spite of this, 
some comparisons could be made between the present find­
ings and some articles of the literature as discussed below. 

The present work was mainly motivated by the articles 
on reactive sputtering of nitride films of Berg et al.2

-
8 In 

the experimental part of their work they noticed, as other 
authors did before,9-11 a drop in deposition rate when the 
nitrogen partial flow is increased, as is shown in Fig. 1 (a). 
The explanation they gave concerning this transition re­
gion abandoned the commonly accepted idea of a "critical 
pressure" and, instead, worked only with well-known 
physical properties like flow, ion current density, sputter­
ing yield, sticking coefficients, and others. A different ap­
proach, which also used such physical properties, was ear­
lier presented by Affinito and Parsons l2 in their study on 
the mechanisms of sputtering of Al in reactive atmospheres 
(Ar/N2 and Ar/02)' In Berg's articles the drop in the 
deposition rate is described in a simple way where nitrogen 
is gettered by sputtered metallic atoms up to a certain flow, 
above which an incremental increase in nitrogen supply 
causes some nitride formation on the metal target surface. 
The erosion rate of the target then decreases, causing a 
further decrease in the gettering of nitrogen. This will in­
crease even more the formation of nitride at the target. A 
runaway situation develops, resulting in a sharp transition 
from metallic target to a metallic-nitrided target surface. It 
is neat this pressure region that it is possible to deposit 
nitride films consisting mainly of a stoichiometric com­
pound. 

Furthermore, these authors proposed a mathematical 
model which described the process of reactive sputtering of 
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FIG. 1. From Ref. 3: (a) Experimental sputtering rate vs nitrogen mass 
flow for different rf powers. (b) Calculated sputtering rate vs nitrogen 
mass flow and (c) calculated nitrogen partial pressure vs incoming nitro­
gen mass flow for different argon-ion current densities (Ju 
= 0.2 rnA/cml). The straight lines intercept the curves at points corre­

sponding to films with the same stoichiometric compositioll. 

Ti in a gas mixture of argon and nitrogen. They used the 
model equations to make graphs of the nitrogen mass flow 
versus sputtering rate and of the nitrogen flow versus ni­
trogen pressure for a given argon-ion current density and 
argon flow. These graphs are reproduced in Figs. 1 (b) and 
1 (c). The runaway situation gives rise to a hysteresis re­
gion [not shown in Fig. 1 (a)], namely the path in which 
the nitrogen flow is increased is different from that when 
nitrogen flow is decreased. However, in a sputtering appa­
ratus with feedback control of pressure it is possible to 
obtain points inside the instability region. 7

,13 These exper­
imental curves, now without hysteresis, can be fitted by the 
theoretical model. An aspect worth mentioning is the 
monotonic correlation found between the argon-ion cur­
rent densities, used as parameters in the model, and the 
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incident rf powers, used in each set of experiments, which 
allowed the comparison between the experimental curves 
and the calculated ones. Another feature extracted from 
the model is that the ratios nitrogen pressure to nitrogen 
flow and sputtering rate to nitrogen flow are constants. 
This means that in the corresponding graphs (nitrogen 
pressure versus nitrogen flow and sputtering rate versus 
nitrogen flow) straight lines from the origin intercept the 
curves of different incident powers at points corresponding 
to films with the same stoichiometric composition, al­
though obtained at different sputtering rates or pressures 
[Figs. l(b) and ICc)]. 

In the present work thin films of silicon nitride were 
deposited by rf magnetron sputtering. The plasma con­
sisted in a mixture of Ar and N2, where the Ar partial 
pressure was kept constant. The nitrogen partial pressure 
as well as the incident rf power were varied independently 
during the preparation of the samples in order to estimate 
the role of each parameter in the deposition process. 
Adapting the model of reactive sputtering discussed above 
to this specific case, where the total pressure was kept con­
stant, it was possible to compare the theoretical predictions 
to some experimental results. Based on such comparisons a 
correlation between deposition rate and self-bias voltage 
(Vdc ) was found. Another relevant point is that the ratio of 
sputtering rate to nitrogen pressure is also constant, indicat­
ing an alternative way to deposit isostoichiometric films 
with different sputtering rates. 

II. EXPERIMENTAL DETAILS 

The silicon nitride films were deposited in a Balzers 
BAS-450 magnetron sputtering system using the rf power 
supply. The equipment has a feedback mechanism to main­
tain the pressures of the gases CAr and N2 in our case) at 
a constant level. The partial pressures of Ar and N2 can be 
monitored by a residual gas analyzer based on a mass spec­
trometer. The distance between the pure Si 99.999% target 
(7 cmX 17 cm) and the substrate is 10 cm. The vacuum 
chamber is pumped by a turbomolecular pump of 1500 cis 
to a base pressure lower than 5 X 10 - 4 Pa and then throt­
tled to start the gas admission. In every deposition set the 
chamber was pressurized with 6 X 10 - 2 Pa of Ar, which 
was the minimum Ar pressure that could maintain the 
plasma, and then N2 was admitted to reach the desired 
pressure. The incident powers used were 300, 400, and 500 
W with reflected powers nearly zero. The substrates were 
Si( 100) and polyimide films 25 ftm thick. After a chemical 
cleaning of the substrates, we submitted the Si ones to a rf 
plasma etching (inside the vacuum chamber) during 7 min 
at an Ar pressure of 3 X 10 ... 1 Pa prior to deposition. To 
deposit the films, the variable parameters were the nitrogen 
partial pressure (PN ), the incident power, and the depo-

2 

sWon time. During deposition we could follow the process 
observing the partial and total pressures and self-bias volt­
age (Vdc ) developed at the target, and a very good degree 
of reproducibility run to run was found. 

Thickness and composition of the silicon nitride films 
were analyzed by means of Rutherford backscattering 
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FIG. 2. (a) Experimental target selfobias voltage vs nitrogen partial pressure curves for incident powers of (.6.) 300 W, (D) 400 W, and (0) 500 W. 
For a given incident power, the points represent the first increase in nitrogen partial pressure, the solid line represents the subsequent decrease in nitrogen 
pressure, and the dashed one when the nitrogen pressure is increased again. The straight lines intercept the curves at points corresponding to films with 
the same stoichiometric composition. (b) Calculated sputtering rate vs nitrogen partial pressure extracted from Berg's model. The sputtering rate and 
the nitrogen partial pressure are given in arbitrary units (a.u.). 

spectrometry (RBS) at 0.760 and 2.000 MeV for polyim­
ide and Si(100) substrates, respectively. Details on the 
technique and on data treatment are presented in Ref. 14. 

III. RESULTS 

Berg et al., in their work on TiN reactive sputtering 
deposition,2-6 controlled the nitrogen flux (FN) into the 
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2
) on this flux are shown in 

Fig. 1. In the present work we kept constant the pressures 
and obtained, for various incident powers, the curves of the 
variation of the target self-bias voltage (Vdc ) with the re­
active gas (nitrogen) partial pressure shown in Fig. 2(a). 
The dependence found here for the silicon nitride deposi-
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FIG. 3. (a) Experimental deposition rate vs nitrogen partial pressure for incident powers of (.6.) 300 w. (D) 400 W, and (0) 500 W. The straight line 
intercepts the curves at points corresponding to films with the same stoichiometric composition. (b) Experimental relationship between deposition rate 
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tion is similar to the one extracted from Berg's model, 
shown in Fig. 2(b). To draw this last curve we used points 
with the same flux in the plots of PN

2 
X FN2 and 

S.R. X F N given in Figs. 1 (b) and 1 ( c) and plotted PN 2 2 

versus the corresponding sputtering rate. As we can see 
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FIG. 5. Experimental relationship between stoichiometric fraction ob­
tained from 0.760 MeV RBS and the deposition rate for an incident power 
of 300 W. The detail evidences the superposition of the points. The dashed 
line is not a fitting; it is used just to guide the eyes through the experi­
mental points. 
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from Figs. 2(a) and 2(b) the agreement between the the­
oretical and experimental curves is very good. 

The curves in Fig. 2(a) were obtained starting with a 
plasma made basically of Ar (6 X 10 - 2 Pa), letting N 2 to 
flow slowly into the chamber and measuring Vdc at certain 
working pressures, until reaching a rather high pressure 
(PN2 = 6.4 X 10- 1 Fa for the 300 W curve). This is shown 
by dotted curves in the figure. After that, we diminished 
the PN2 (solid lines) and again increased the nitrogen par­
tial pressure (dashed lines). The aim was to detect (for 
silicon nitride and in the conditions of this work) the hys­
teresis loops, which have been seen by several authors4

,13,15 

for other compounds deposited by reactive sputtering un­
der different process control conditions. However, in the 
present case they could not be seen, as also happened for 
TiB (Ref. 8) under other specific deposition conditions. 

The similarity between Figs. 2(a) and 2(b) reveals a 
relationship between the sputtering rate and Vdc' Based on 
the thickness of silicon nitride films grown during the same 
deposition times, we could plot the deposition rate versus 
PN • The results, for different incident powers, can be seen 

2 

in Fig. 3(a). The resemblance with Fig. 2(b) can again be 
noticed. In Fig. 3 (b) the relationship between the deposi­
tion rate and Vdc is shown. It is clear that the dependence 
is not linear. 

In Figs. 2(a) and 3(a) we see that for a certain PN, the 
< 

I Vdc I and the deposition rate increase as the incident 
power is increased, or from another point of view, to obtain 
a certain deposition rate or Vdc one should increase the 
PN when the power is increased. 

2 

In Fig. 4 we have the dependence of the stoichiometric 
fraction n(N)ln(Si) on PN

2 
and we can see that from 0.5 

to 2.3 X 10 - 1 Pa the nitride stoichiometry was nearly con­
stant, within an error of ± 10%, for all tested incident 
powers. On the other hand, at low pressures, the increase 
of the nitrogen content in the film with PN

2 
is very fast. 

Another interesting feature is the correlation between 
deposition rate and stoichiometry. In Fig. 5 we obtained 
this relationship for films deposited under 300 W, where 
each point represents a film deposited under a certain 
PNz' We can see that films grown under different PN2 but 
resulting with the same stoichiometry were obtained with 
the same deposition rate, as is evidenced in the zoom of the 
figure. 

Berg's model predicts that straight lines passing through 
the origin in S.R. XFN2 and PN2 X FNz plots [Figs. 1 (b) and 

1 (c)] will intercept the curves obtained at different inci­
dent powers in points whose coordinates contain the pa­
rameters that will lead to isostoichiometric films. s We tried 
to verify if this prediction would also describe our Vdc 

X PN2 and D.R. XPN2 plots of Fig. 2(a) and 3(a). In Fig. 

3(a) a straight line could be drawn passing through the 
origin. By analyzing the stoichiometry of such films we 
confirmed the expectation: they do have the same stoichi­
ometry (admiting an error of 5%) as one can extract from 
Fig. 4. In Fig. 2(a) four straight lines (A,B,C,PN) were 
drawn and each line originated the deposition conditions of 
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three films (with incident powers of 300,400, and 500 W). 
In verifying the stoichiometry of these films, we concluded 
that the n(N)/n(Si) ratios do remain constant, within an 
error of 10%, for silicon nitride films deposited at different 
powers. In Fig. 6(a) are shown the n(N)/n(Si) ratios for 
stoichiometry "e" as measured by RES at 0.760 MeV and 
RES at 2.000 MeV incident energies, revealing the good 
agreement attained by the techniques. The results obtained 
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by RBS analysis at an incidence energy of 0.760 MeV for 
all the tested stoichiometries demonstrate that the films 
with expected stoichiometries A, E, and C have very sim­
ilar n(N)ln(Si) ratios, while the ones ofPN stoichiometry 
have a nitrogen content much lower than the others. In 
Fig. 6(b) is shown the difference in nitrogen content of the 
films with stoichiometries "C" and "PN." 

IV. DISCUSSION 

Serikawa and Okamoto l6 discussed the deposition of sil­
icon nitride films in an Ar-Nz plasma, working in the very 
low nitrogen partial pressures side ( 3 X 10 - 2 Pa < PN 2 

< 3 X 10 - 1 Pa). The results they obtained for the depo-
sition rate versus nitrogen partial pressure and film com­
position n (N) In (SO versus nitrogen partial pressure re­
semble the present results with some discrepancies when 
analyzed in a quantitative way. The discrepancies between 
these two experiments are due to differences in the rf 
power, rotation of the substrate holder, substrate temper­
ature, total and partial pressures, target size, and target-to­
substrate distance. 

In the high nitrogen partial pressures side (up to 
PN = 8 X 10 - I Pa) one finds the work by Mogab and 

2 

Lugujjo17 that deposited silicon nitride films performing 
the sputtering depositions in a pure N z plasma. The films 
they grew were always hyperstoichiometric [n(N)ln(Si) 
> 1.33] similar to those of the present work Nevertheless, 
they found a linear dependence between the log I Vdc I and 
log PN

2 
keeping the rf power constant, while here, using 

smaller total pressures as well as mixtures of N2 and Ar, 
we found a nonlinear dependence. Mogab and Lugujjo also 
obtained a linear dependence between log I Vdc I and log rf 
power when the partial pressure of nitrogen is kept con-

................ 1"" 
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stant, in contrast with the results of the present work 
shown in Fig. 7, where a clearly nonlinear dependence is 
observed. 

The basic guidelines and findings of the model on reac­
tive sputtering developed by Berg and collaborators were 
already presented in a previous secti.on. A rather good 
agreement between that theory and our experimental data 
was verified. Furthermore, the present results can also be 
compared with the experimental data by Berg et al. as, for 
example, those reported in Ref. 2 where the deposition of 
ZrN by reactive sputtering was studied experimentally. 
Once again there is a very good qualitative resemblance 
between the plots in Ref. 2 of the stoichiometric fraction 
n(N)jn(Zr) versus nitrogen partial pressure and of the 
deposition rate versus nitrogen partial pressure and the 
plots of this work displayed in the previous section. A 
more quantitative comparison, however, is difficult to be 
made due to the differences in configuration of the sputter­
ing equipments used in the two works, the different inher­
ent chemical and physical characteristics of silicon nitride 
and zirconium nitride, and also because of the different 
nitrogen pressures used in the two works. 

Some final remarks have still to be made concerning the 
discussion of the results in the light of Berg's model. The 
latter is strictly valid only for a steady-state situation and 
for the low nitrogen pressures range, since it does not take 
into account the sputtering caused by nitrogen ions and 
other related effects.4 Concerning the present work, the 
condition of low nitrogen partial pressure is not assured in 
many of the deposition conditions used ( the PAr was al­
ways O.6X 10 1 Pa while the PN ranged from 0.3 to 

2 

7 X lO -- 1 Pa). Moreover, in the deposition conditions that 
originated the present films the fact that there might not 
have been enough time to anow the system to reach a 
steady-state situation, as well as the presence of the feed­
back mechanism for PNz, may be responsible for some dif­

ferences observed when comparing the results. 

IV. CONCLUSIONS 

Thin films of silicon nitride were deposited by rf reactive 
sputtering in Ar-N2 plasmas at various nitrogen partial 
pressures. During each deposition set the pressure was kept 
constant as well as the incident power. The influence of the 
nitrogen partial pressure on the target self-bias voltage, on 
the deposition rate, and on the film stoichiometry was de~ 
scribed. Another observed aspect was the univocal depen-

J. Vac. Sci. Technol. A, Vol. 10, No.3, May/Jun 1992 

dence between the stoichiometric fraction n (N) In (Si) and 
the deposition rate of the films. 

The stoichiometry of films deposited under constant gas 
pressure was determined experimentally by Rutherford 
backscattering spectroscopy. Berg's theoretical model on 
reactive sputtering states that isostoichiometric silicon ni­
tride films can be deposited under different nitrogen partial 
pressure and rf power conditions. Both analytical tech­
niques confirmed the expected constancy of the stoichio­
metric fractions n(N)ln(Si) within the experimental er­
rors. 

As a final remark, it must be emphasized that with the 
present equipment conditions silicon nitride films of a spe­
cific stoichiometry can be deposited under different chosen 
conditions of nitrogen partial pressure or incident power. 
The extension of this approach to deposit other compound 
films by reactive sputtering is in progress. 
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